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Atmospheric rivers (ARs) are synoptic-scale atmospheric phenomena that transport 
moisture from the (sub)-tropical regions to the mid-latitudes globally. They play a substantial 
role on water resources of British Columbia and southeastern Alaska (BCSAK). However, 
understanding of their climatology and impacts on the hydrology of this region remains 
limited. I use a combination of a regional AR catalog, reanalysis datasets, gridded 
precipitation, observed river runoff data, and topographic information, to provide insights on 
the climatology of landfalling ARs (LARs) and to quantify changes in the contribution of 
LARs to the precipitation, river runoff, and their extremes in BCSAK. 
Each year BCSAK experiences, on average, 35±5 LARs with the highest number in 
autumn (13±2) and an average duration of 2±1.8 days. The 1979-2016 average annual counts 
of LARs increase by ~20% across BCSAK. Slightly higher numbers of LARs occur during 
the neutral phase of El Niño-Southern Oscillation, the positive phases of the Pacific Decadal 
Oscillation and the Pacific-North American Pattern, and the 2013/2014 warm anomaly of the 
Northeastern Pacific. LARs contribute 13% (spatial range: <5-33%) and 36% (spatial range: 
<5-97%) of annual total and extreme precipitation, respectively, across BCSAK with higher 
values over elevated terrain. AR-related precipitation days increase during 1979-2012; 
however, no change occurs in the average AR-related precipitation amount for most of 





~10%-100%) of the total annual and annual maxima runoff in the watersheds of BCSAK. 
ARs control the distribution of peak runoff in most of BCSAK with >60% of the 168 
watersheds analyzed having >5 of the top 10 annual maxima runoff associated with them. 
My work presents a baseline assessment of the AR regional climatology in BCSAK, provides 
the proportion of hydrological processes attributed to ARs, and assesses changes in those 
linkages over time. This work is useful to associate future climate model simulations, 
extreme weather forecasting, seasonal predictions, and water issues including flood 
mitigation, hydro-power generation, industrial water use, and ecological, recreational, and 
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CHAPTER 1: INTRODUCTION 
 The main purpose of my dissertation is to enhance our current understanding of the 
climatology and characteristics of atmospheric rivers (ARs), to quantify their contribution to 
hydrological processes of northwestern North America, particularly British Columbia (BC) 
and southern Alaska (AK) (BCSAK), and to evaluate the changes in these contributions over 
the latter half of the twentieth century and early twenty-first century. I focus on ARs that 
make landfall along the west coast of higher latitudes of western North America 
(~47.5-60°N) and examine their spatial and inter-annual variability, historical trends, and 
synoptic conditions that favor the landfalls. Similarly, I illustrate the importance of ARs on 
the water resources and flooding events of BCSAK through the quantification of the 
contribution of ARs to precipitation, river runoff, and their extremes. Moreover, my work 
presents the temporal changes in the impacts of ARs on precipitation and extreme 
hydrological events across BCSAK during 1979-2012 and water years (WYs) 1979-2016. 
This chapter broadly introduces ARs, previous works on ARs and their relation to 
precipitation and runoff, motivation for AR-related research in BCSAK, and an outline of the 






Figure 1.1: Location map of the study area showing the major physiographic divisions, 
watersheds, river networks, topography, and mountain ranges of BCSAK. The shaded region 
in the inset map shows the elevation distribution of BCSAK. Basemap source: National 
Geographic, Esri, Garmin, HERE, INCREMENT P, NRCAN, METI. 
  
 In this dissertation, I explore atmospheric and land surface processes associated with 
ARs originating in the Pacific Ocean and making landfall in BCSAK, northwestern North 
America (Figure 1.1). BCSAK covers an area of ~1.07 × 106 km2 and constitute the Pacific 
coastal temperate rainforest, much of the western Canadian Cordillera (the Coast and Insular 
Mountains to the west, the Interior Mountains (e.g., the Rocky, Columbia, and Cariboo 





Plains of northeastern BC (Figure 1.1) (Demarchi, 2011; Fleming, Hood, Dahlke, & O’Neel, 
2016; Holland, 1976). The mid-latitude prevailing westerlies dominate the climate of 
BCSAK; meanwhile the complex topography of the mountainous region profoundly 
influences the hydro-climatology of this region (Moore, Spittlehouse, Whitfield, & Stahl, 
2010).  
1.1 Dissertation objectives and research questions 
 There exists a critical research gap on ARs and their contribution to the hydrology of 
western Canada despite an encouraging amount of new research and knowledge on AR 
characteristics and implications that mainly focus on the west coast of the United States and 
Europe. In this context, I aim to develop an AR climatology and variability profile for 
BCSAK and improve our understanding of the implications of ARs in regional hydrological 
processes of northwestern North America. The frequent occurrence of extreme weather 
events associated with ARs influence the snow, rain, ice, and glacier processes that primarily 
govern the hydro-climatology of this region. However, our knowledge on the quantitative 
contribution of ARs to water resources and extreme hydrological events and how their role is 
changing over time in BCSAK remains limited despite their hydrological, social, and 
economic importance (Liepert, 2013; PCIC, 2013; Ralph et al., 2017). Thus, I address some 
of these critical knowledge gaps through a comprehensive analysis of the following: 
1) the climatology of landfalling ARs (LARs) in BCSAK, their variability, trends, 
relation to ocean-atmosphere climate variability, and the synoptic conditions 





2) the contribution of ARs to total annual, seasonal, and extreme precipitation and 
change in the contribution over time (Chapter 3); and 
3) the association between ARs, annual and extreme runoff, and watershed 
characteristics across BCSAK (Chapter 4). 
 This study comes at a time when ARs are being recognized as the initiator of 
so-called compound events (Leonard et al., 2014; Zscheischler et al., 2018), whereby there 
are multiple hazards associated with one type of event (e.g., strong winds, extreme 
precipitation, and heavy snow at high elevations with potential for avalanches, flooding, 
etc.). Besides, it provides insights on how ARs contribute to water resources and extreme 
hydrological events in complex, mountainous regions such as that of western Canada in 
BCSAK.  
 This dissertation addresses the following research questions in detail for BCSAK and 
provides a baseline assessment of ARs and their impacts on this region’s hydrology. 
1) What is the annual and seasonal climatology of ARs in BCSAK? What synoptic 
conditions lead to AR landfalls in BCSAK? Does one phase of 
ocean-atmosphere climate variability favor more AR landfalls in BCSAK than 
another?  
2) What is the contribution of ARs to precipitation and its extremes in BCSAK? 
How is the contribution of ARs to precipitation and its extremes changing over 
time? 
3) What are the linkages between ARs, annual runoff, and extreme river runoff 
events in BCSAK? How do watershed characteristics influence the association 





1.2  Background 
 There exists strong evidence that climate-induced hydrological changes are occurring 
in western Canada over the past 50 years, with changes expected to continue in the future in 
response to rising mean global surface air temperatures (Clarke et al., 2015; DeBeer, 
Wheater, Carey, & Chun, 2016; Haddeland et al., 2014; Hernández-Henríquez, Sharma, & 
Déry, 2017; Menounos et al., 2019; Shrestha, Schnorbus, Werner, & Berland, 2012; Werner 
& Cannon, 2016). Evidence of such changes includes a decrease in the number of snowfall 
days, shifts in precipitation phases and spring freshet dates, and intensification of extreme 
precipitation and flooding events (Barnett, Adam, & Lettenmaier, 2005; Burn, Mansour, 
Zhang, & Whitfield, 2011; Burn, Sharif, & Zhang, 2010; Déry et al., 2009; Kang, Gao, Shi, 
Islam, & Déry, 2016; Marshall, 2014; Shrestha et al., 2012). These changes affect 
hydrological processes including the seasonal precipitation anomalies, snow cover and snow 
depth, glaciers, freshwater, and river runoff (Islam, Déry, & Werner, 2017; Menounos et al., 
2019; MoE, 2016). 
 Snowfall and snowmelt are two of the major components of water resources in high 
altitude/latitude regions, while rainfall dominates at lower elevations. One major atmospheric 
mechanism that controls hydrological processes in BCSAK is an AR (Mo, 2016; Stull, 2015). 
The Pacific Northwest region along the west coast of the United States and Canada is one of 
the most active areas in the Northern Hemisphere for ARs (Guan & Waliser, 2015; Ralph et 
al., 2017). ARs in this region are usually associated with the warm sector of extratropical 





often are dubbed Pineapple Expresses (Dettinger, Ralph, Das, Neiman, & Cayan, 2011; 
Lackmann & Gyakum, 1999; Roberge, Gyakum, & Atallah, 2009). 
 ARs play a key role in determining the distribution of freshwater as rainfall or snow 
accumulation as well as extreme hydrological events (Ralph, Coleman, Neiman, Zamora, & 
Dettinger, 2013; Ralph et al., 2017). The moisture transported through ARs contribute to 
building snowpacks and replenishing freshwater resources; however, they also cause extreme 
precipitation that may lead to flood disasters and loss of life and property (Dettinger et al., 
2011; Lavers & Villarini, 2013a; Lavers, Villarini, Allan, Wood, & Wade, 2012; Ralph et al., 
2017, 2006). Therefore, an assessment of AR climatology, the evolution of synoptic 
conditions favoring AR landfalls, the contribution of the ARs to precipitation, river runoff, 
and their extremes across BCSAK will help to ascertain changes in hydrological extremes in 
a rapidly changing climate. 
1.3 Atmospheric rivers (ARs) 
 The term AR was first coined by Zhu and Newell (1994) to define a region of strong 
tropical moisture flux, in filamentary form, with a length several times longer than its width. 
ARs act as transient corridors of strong moisture transport that extend from the (sub-)tropics 
into the mid-latitudes, and develop along (and ahead) of cold fronts associated with 
extratropical cyclones (Ralph, Neiman, & Wick, 2004). ARs are identified and measured 
based on either a threshold amount of integrated water vapor (IWV) in a single area or grid 
cell in the model (Dettinger et al., 2011; Neiman, Ralph, Wick, Kuo, et al., 2008) or through a 
consideration of complete AR morphology with an analysis of the moisture and wind fields 





Waliser, 2015; Lavers et al., 2011; Rutz, Steenburgh, & Ralph, 2014). Ralph et al. (2004), 
using a combination of airborne and satellite observations, define ARs as narrow plumes of 
IWV of ≥2 cm (>3 cm for strong events) with length >2000 km and width <1000 km. More 
recent studies favored the use of moisture fluxes and define ARs based on an integrated vapor 
transport (IVT) threshold that varies somewhat between studies (Gershunov et al., 2017; Guan 
& Waliser, 2015; Lavers et al., 2011).  
 Rising mean global surface air temperatures are expected to induce an increase in the 
availability of atmospheric moisture, including that for ARs in-line with the 
Clausius-Clapeyron scaling, i.e., a potential 7.5% increase in atmospheric moisture per degree 
Celsius increase in the air temperature (Liepert, 2013; O’Gorman & Muller, 2010; Radić, 
Cannon, Menounos, & Gi, 2015; Tsonis, 2013). Model-based studies project an increase in 
the frequency and intensity of ARs in future, warmer climate scenarios (Dettinger, 2011; 
Payne & Magnusdottir, 2015; Radić et al., 2015; Warner, Mass, & Salathé, 2015). Besides, 
the dynamical changes associated with global increases in the surface air temperature may 
lead to changes in the pole-to-equator temperature gradient, a poleward shift of storm tracks, 
and changes in the jet stream (Archer & Caldeira, 2008; Chang & Yau, 2016; Francis & 
Vavrus, 2015; Rodionov, Bond, & Overland, 2007; Salathé, 2006; Yin, 2005). Such changes 
affect the frequency and landfalling location of ARs as well as precipitation and/or extreme 
precipitation associated with them (Lehmann & Coumou, 2015; Neiman, Ralph, Wick, 





1.4  Atmospheric rivers, precipitation, and flooding 
 ARs act as a substantial component of the global hydrological cycle; in fact, they 
bring >90% of (mid-)tropospheric moisture inland and control the regional water budgets 
(Ralph et al., 2017; Zhu & Newell, 1998). After Zhu and Newell (1994, 1998), intensive 
studies on ARs ensued to understand their characteristics and dynamics (Bao, Michelson, 
Neiman, Ralph, & Wilczak, 2006; Neiman, Ralph, Wick, Kuo, et al., 2008; Ralph et al., 
2004; Wick, Neiman, & Ralph, 2013) and to quantify their impacts on precipitation and 
flooding. For example, Dettinger et al. (2011), Lavers and Villarini (2015a), Guan, Molotch, 
Waliser, Fetzer, and Neiman (2010), and Rutz and Steenburgh (2012) investigated the 
contribution of ARs to precipitation along the western United States; Gorodetskaya et al. 
(2014) analyzed the role of ARs on snow accumulation in Antarctica; Lavers and Villarini 
(2015a) and Lavers and Villarini (2013b) quantified the role of ARs on precipitation and its 
extremes in Europe; and Viale, Valenzuela, Garreaud, and Ralph (2018) explored the impacts 
of ARs on precipitation in southern South America. Neiman, Ralph, Wick, Lundquist and 
Dettinger (2008) found that the precipitation associated with ARs is twice the normal 
precipitation during the winter season in the Pacific Northwest, United States; Guan et al. 
(2010) reported that AR storms produce about four times higher daily snow water equivalent 
(SWE) than non-AR storms in the Sierra Nevada, California. ARs also increase SWE during 
autumn/winter and decrease SWE in spring, especially at higher elevations. In contrast to 
higher elevations, ARs decrease the snowpack at lower elevations because of the warm 
conditions associated with them that yield rain rather than snow, often resulting in 
rain-on-snow (ROS) events (Guan, Waliser, Ralph, Fetzer, & Neiman, 2016). An emerging 





and future projections, provides a broader understanding of ARs and its influence on water 
resources. 
 Flooding, especially during fall and winter, is perhaps the most profound impact of 
ARs along the coastal region of western North America; therefore, AR-related flooding 
studies are emerging predominantly along the west coast of the United States and Europe. 
For example, ARs act as a major causative factor for peak runoff in the western United States 
(Konrad & Dettinger, 2017), the Russian River, California (Ralph et al., 2006), western 
Washington (Neiman, Schick, Ralph, Hughes, & Wick, 2011), Great Britain (Lavers et al., 
2011, 2012), and the Southern Alps of New Zealand (Kingston, Lavers, & Hannah, 2016). 
Extreme hydrological events and their associated natural hazards induced by ARs cause 
substantial socio-economic losses. They create significant disruptions to communities, 
damages to property, cause personal injuries, and can even claim lives. For example, heavy 
rainfall that led to flooding along the Sea-to-Sky highway, BC in October 2003 claimed two 
lives and destroyed bridges and rail line infrastructures (PSC, 2019). Meanwhile, a disastrous 
flood in Bella Coola, BC in September 2010 cost >$45 million (CAD) to repair the damages 
on transportation infrastructures (PSC, 2019). Although there exist established linkages 
between ARs and extreme runoff, the narrow moisture plumes, specific orientation of an AR, 
and the topography at landfall make AR-related floods unique to a particular region and pose 
a substantial challenge for forecasting (Liepert, 2013; Radić et al., 2015; Wick et al., 2013). 
Thus, an improved understanding of ARs in BCSAK and their relationship with topographic 
features may provide insights on AR-related flooding events and help to improve flood risk 





1.5  Dissertation framework and outline 
 This dissertation is organized as a set of manuscripts; Chapters 2, 3, and 4 are written 
as stand-alone articles. Chapter 2 was published in the International Journal of Climatology 
(Sharma & Déry, 2020b), Chapter 3 was published in the Journal of Geophysical Research: 
Atmospheres, while Chapter 4 is under review at the Journal of Hydrometeorology. Slight 
modifications of these chapters include a combination of all the chapters’ references into one 
bibliography list, re-numbering and positioning of some of the figures and tables, and layout 
reformatting.  
 Although written as independent manuscripts, these three data chapters remain 
closely linked (Figure 1.2). Characterization of the regional pattern of the AR climatology 
leads to improved understanding of their impacts on precipitation and runoff; the combined 
insights on the AR climatology and impacts on atmospheric and terrestrial hydrological 
processes helps to better relate the nexus among ARs, river runoff, extreme river runoff, and 






Figure 1.2: Dissertation framework to illustrate the linkages between data Chapters 2, 3, and 
4. 
 Chapter 2 (Sharma & Déry, 2020b) covers the historical climatology, trends, and 
synoptic evolution of LARs in BCSAK from 1948-2016. Moreover, it includes the influence 
of ocean-atmosphere climate variability, including the Pacific oceanic blob of 2013/2014, on 
LAR frequency. Using the regional AR climatology obtained from Chapter 2, Chapter 3 
documents the contribution of ARs to total annual, seasonal, and extreme precipitation across 
BCSAK during 1979-2012. This chapter also presents the inland influence of ARs across 
BCSAK and changes in the contribution of ARs to the precipitation over time in this region. 





ARs, runoff, and extreme runoff events across the watersheds of BCSAK. Chapter 4 also 
illustrates the role of ARs as a flood producing mechanism, particularly along coastal 
BCSAK for the period of water years (WYs) 1979-2016. Besides, it explores the inter-annual 
variability in ARs and extreme runoff association with analyses of the hydrological response 
of watersheds to ARs. The dissertation concludes with Chapter 5 that synthesizes the 
previous chapters, provides recommendations for future research, outlines study limitations 






CHAPTER 2: VARIABILITY AND TRENDS OF LANDFALLING 
ATMOSPHERIC RIVERS ALONG THE PACIFIC COAST OF 
NORTHWESTERN NORTH AMERICA 
Publication details: 
This chapter has been published in the International Journal of Climatology. 
Sharma, A. R., & Déry, S. J. (2020). Variability and trends of landfalling atmospheric rivers 
along the Pacific Coast of northwestern North America. International Journal of 
Climatology, 40(1), 544–558. https://doi.org/10.1002/joc.6227  
 
2.1 Abstract 
 Atmospheric Rivers (ARs), defined as narrow, transient corridors of strong moisture 
transport in the lower troposphere, are important phenomena for freshwater recharge and 
water resources, especially along the west coast of North America. This study presents the 
variability and trends of landfalling ARs (LARs) along the higher (53.5°N-60.0°N) and lower 
(47.0°N-53.5°N) latitudes of British Columbia and southeastern Alaska (BCSAK) during the 
1948-2016 period. Moreover, we present the synoptic evolution and distribution of LARs in 
BCSAK during different phases of ocean-atmosphere climate variability using a six-hourly 
AR catalog from the Scripps Institution of Oceanography and reanalysis data from the 
National Centers for Environmental Prediction/National Center for Atmospheric Research.  
  During 1948-2016, BCSAK averages 35±5 LARs annually, with the highest 
frequency during fall (13±2) and lowest during spring (5±2). The frequency of LARs across 
BCSAK rises during the study period, and the increase between 1979 and 2016 is 
statistically-significant (p-value <0.05). A strong ridge over the Pacific Northwest and BC 





at the higher and lower latitudes, respectively. BCSAK experiences greater numbers of LARs 
during neutral phases of El Niño-Southern Oscillation, the 2013/2014 Pacific oceanic blob, 
and during the positive phases of the Pacific Decadal Oscillation and Pacific North American 





2.2  Introduction 
 An atmospheric river (AR), first termed by Zhu and Newell (1994), is a key 
synoptic-scale mechanism within the hydrological cycle impacting the Pacific Coast of North 
America. ARs form transient corridors of moisture that contribute more than 90% of the total 
global meridional water vapor flux in the mid-latitudes (Zhu & Newell, 1998). ARs develop 
along and ahead of cold fronts associated with extratropical cyclones, typically concentrated 
in the lowest 3 km of the troposphere, and attain their high water vapor content through 
moisture transport from the (sub-)tropics and/or local moisture convergence and evaporation 
over the oceans (Lavers et al., 2011; Ralph et al., 2017). 
 ARs play the dual role of replenishing critical freshwater supplies while often causing 
extreme hydrological events, thereby increasing their importance both as an opportunity for 
freshwater recharge and a challenge for the management of extreme weather, hydrological 
and/or compound events (Lavers et al., 2011; Ralph et al., 2006; Waliser & Guan, 2017; 
Zscheischler et al., 2018). For example, during an AR event in September 2010, 250 mm of 
rain fell in 36 hours causing flash-flooding and important structural damages in Bella Coola, 
British Columbia (BC), Canada (Lavers et al., 2014). AR events influence seasonal 
precipitation anomalies, flood prediction and mitigation, and regional water cycles through 
their cumulative effects (Dettinger et al., 2011). Increasing recognition of the hydrological 
importance of ARs has prompted a range of recent research on their characteristics, impacts, 
and potential future changes within a changing global climate system (Brands, Gutiérrez, & 
San-Martín, 2017; Dettinger et al., 2011; Guan & Waliser, 2015; Rutz et al., 2014). The 





southeastern Alaska (BCSAK), remains one of the most active regions in the Northern 
Hemisphere for ARs. ARs in this region often take the form of warm, south-westerly flows 
originating in the Hawaiian sector of the Pacific Ocean, and are occasionally dubbed the 
Pineapple Express (Dettinger, 2004; Lackmann & Gyakum, 1999; Roberge et al., 2009). 
Increases in the global surface air temperature may increase the availability of atmospheric 
moisture substantially including for the development of landfalling ARs (LARs) along 
BCSAK (Liepert, 2013; Radić et al., 2015; Warner et al., 2015). For example, Radić et al. 
(2015) and Dettinger (2011) project intense and higher than normal frequency of ARs 
making landfall in BC and the west coast of the United States for the period 2070-2100 and 
2100, respectively.  
 A number of prior studies has explored the incidence of ARs and their climatology 
over western North America, most often along the west coast of the contiguous United 
States, providing broader perspectives on AR characteristics, dynamics, and variability 
(Brands et al., 2017; Dettinger et al., 2011; Gershunov et al., 2017; Guan & Waliser, 2015; 
Mundhenk, Barnes, & Maloney, 2016; Neiman, Ralph, Wick, Lundquist, et al., 2008; Payne 
& Magnusdottir, 2014; Rutz et al., 2014). However, there are no studies along the BCSAK 
region so far that investigate the temporal changes in the historical AR frequency, perhaps 
owing in part to their focus on atmospheric processes associated with LAR events. Here we 
examine the temporal changes and variability in LAR frequency along western Canada and 
southeastern Alaska and develop a detailed assessment of AR incidences specific to this 
region. We aim to provide insights on the factors responsible for LAR variability and trends 
during the latter half of the twentieth century and early twenty-first century in this region. 





ARs in the BCSAK region that may be useful for short-term operational forecasts and 
seasonal predictions of LAR activity. Specifically, the motivation for this study arises 
through three main research questions: (a) what are the spatio-temporal variability and trends 
of LARs in BCSAK?, (b) what are the typical synoptic patterns prior to and during LARs in 
BCSAK?, and (c) how do different phases of ocean-atmosphere climate variability affect the 
distribution of LAR frequency?  
2.3   Study Area 
 This study considers ARs making landfall on the Pacific Coast of BCSAK between 
latitudes 47.0°N and 60.0°N (Figure 2.1). This region lies in the prevailing westerlies and 
exhibits diverse landscapes including glacierized mountain ranges, valleys, plateaus, and the 
Pacific coastal temperate rainforest (Demarchi, 2011). The Coast and Insular Mountains rise 
from the edge of the Pacific Ocean with elevations varying from sea level to ≥4000 m above 
sea level (Hernández-Henríquez et al., 2017). The climate of coastal BCSAK is characterized 
by strong local climatic variations associated with complex topographic features, relatively 
high annual precipitation (mostly during fall and winter), and modest annual air temperature 
ranges (Melone, 1985). The western slopes of the Coast Mountains experience heavy 
orographic precipitation from moisture accompanied by westerly winds, while the eastern 
slopes are comparatively drier (Hare, 1998). Further inland, the Interior Plateau lies in the 
coastal range’s rain-shadow and experiences some of the driest climates in BCSAK 
(Reynoldson, Culp, Lowell, & Richardson, 2005). The complex topography and sharp 





at lower elevations raises the risk of flash-flooding, while abundant snow accumulation at 
high altitudes may drive flooding during the spring freshet if melt occurs rapidly. 
 
 
Figure 2.1: Map of the study area showing BC and Southeastern Alaska (BCSAK), 
important topographic features, and the domain of LARs considered in this study. The blue 
shaded area and the solid line shows the shape and the axis, respectively, of an AR that made 
landfall in BC on 4 October 2014 obtained through an implementation of the Guan and 
Waliser (2015) AR detection algorithm on NCEP/NCAR reanalysis. The brown boundary in 





2.4  Data and Methods 
2.4.1  AR database 
 AR studies adopt a range of metrics and criteria to detect ARs at global and regional 
scales, with their own strengths and limitations. The main AR identification process involves 
calculation of the vertically-integrated moisture flux in the atmosphere (mainly between 1000 
hPa and 300 hPa), either through satellite measurements (Neiman, Ralph, Wick, Lundquist, 
et al., 2008) or reanalysis datasets (Gershunov et al., 2017; Guan & Waliser, 2015; Lavers et 
al., 2012). As an example, the shape and axis of an AR, identified through the 
implementation of the algorithm from Guan and Waliser (2015) on the National Centers for 
Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) 
reanalysis data (Kalnay et al., 1996), are overlaid in Figure 2.1 to illustrate the extent and the 
path of the AR that made landfall in BC on 4 October 2014. 
 In recent years, several AR databases have been developed for global and regional 
AR studies; some of them cover our study domain and provide information on AR 
characteristics (Brands et al., 2017; Gershunov et al., 2017; Guan & Waliser, 2015; Rutz et 
al., 2014). In this study, we use the AR catalog published by the Scripps Institution of 
Oceanography (SIO-R1-AR Catalog), available through 
http://cw3e.ucsd.edu/Publications/SIO-R1-Catalog/ because of its longer record of ARs at 
six-hourly temporal resolution from January 1948 to March 2017 (Gershunov et al., 2017). 
This AR catalog provides the frequency, duration, and landfalling location of ARs along the 
North American West Coast from 20°N to 60°N. As described by Gershunov et al. (2017), 





at 2.5° × 2.5° spatial resolution from the NCEP/NCAR reanalysis dataset (Kalnay et al., 
1996). Their AR detection method calculates and retains ARs as spatially contiguous 
atmospheric features of at least 1500 km in length at each time step, with Integrated Vapor 
Transport (IVT) >250 kg m-1 s-1, and Integrated Water Vapor (IWV) >15 mm between 1000 
hPa and 300 hPa. They identify the landfall location of an AR as the point of intersection 
between its axis and the coastline. Gershunov et al. (2017) validated the SIO-R1-AR Catalog 
by comparing it with the IWV-based AR catalog derived from data recorded by the Special 
Sensor Microwave Imager (SSM/I) of Neiman et al. (2008). They find an agreement between 
the two datasets on more than 50% of the AR-days identified across latitudes 32.5°N-52.5°N 
during water years 1997-2015; we assume that this does not alter substantially in the more 
northerly spatial domain considered here. We identify AR events in the SIO-R1-AR Catalog 
making landfall in the BCSAK region during the period of record, extract their 
characteristics, and calculate the climatology as well as annual and seasonal trends.  
2.4.2  AR frequency and trends 
 We define a LAR event if an AR makes landfall at least once on the six-hourly AR 
database anywhere between 47.0°N and 60.0°N. The counts of the number of LAR events 
along the coast of BCSAK each month for the period of January 1948 to December 2016 
provide the frequency of LARs. Furthermore, to analyze changes in AR frequency between 
lower and higher latitude regions, BCSAK is then divided into two latitudinal ranges: a lower 
range spanning 47.0°N-53.5°N and a higher range spanning 53.5°N-60.0°N. If an AR makes 
landfall within the lower (higher) latitude range and then shifts into the higher (lower) 
latitude range, it is considered a LAR event in both ranges. This is because such ARs are 





analyses for both a long-term (1948-2016) and a short-term (1979-2016) period. The long-
term data provide inter-decadal variability, whereas the short-term data (enhanced by the 
ingestion of modern satellite weather data in NCEP/NCAR reanalysis) yield details of 
changes over recent decades in LARs across BCSAK. 
 The mean, median, standard deviation (SD), and coefficient of variation (CV = 
SD/mean) provide annual and seasonal descriptive statistics for the number of LARs in 
BCSAK. An implementation of the Mann-Kendall trend test (Kendall, 1975; Mann, 1945) 
detects changes in the annual and seasonal frequency of LARs. The non-parametric Mann-
Kendall trend test is robust in that it is resistant to outliers. The Theil-Sen trend estimate 
provides the trend magnitudes (Sen, 1968) with statistically significant values occurring 
when the probability value (p-value) <0.05. The seasons are defined as: Fall: September, 
October, and November; Winter: December, January, and February; Spring: March, April, 
and May; and Summer: June, July, and August. 
2.4.3  Synoptic analysis 
 We extract six-hourly frequency (same time steps as that of ARs) with 2.5° × 2.5° 
spatial resolution data for 500-hPa geopotential height (Z), mean sea level pressure (MSLP), 
850-hPa specific humidity (q), and 850-hPa zonal (u) and meridional (v) winds from the 
NCEP/NCAR reanalysis dataset (Kalnay et al., 1996) to construct the synoptic composites of 
LARs in the higher and lower latitudes of BCSAK during 1948-2016. Geopotential height at 
500-hPa and MSLP provide information on geostrophic wind flows, cyclonic activity, and 
AR-related dynamic features from the surface to the mid-troposphere. The specific humidity 





yielding information on moisture fluxes associated with the warm conveyor belts of 
extratropical cyclones (Lavers & Villarini, 2015b; Neiman, Ralph, Wick, Lundquist, et al., 
2008). An anomaly composite of the top 10 LARs (defined as ARs having the highest IVT at 
their landfalling locations) for 72, 48, and 24 hours prior to and for the first instance of 
landfall (0 hours) yields the evolution and prevailing synoptic condition of LARs days. A 
Student’s t-test is used to verify the significance of the anomalies relative to the mean 
climatology during LAR days with the assumption that the anomalies follow the normal 
distribution (Helsel & Hirsch, 2002).  
2.4.4  Ocean-atmosphere climate variability and ARs 
 We compare the distribution of LARs between different phases of ocean-atmosphere 
climate variability to understand their impacts on the frequency of LARs in BCSAK as well 
as its higher and lower latitude ranges. El Niño-Southern Oscillation (ENSO) (Ropelewski & 
Halpert, 1986), Pacific Decadal Oscillation (PDO) (Mantua & Hare, 2002), Pacific North 
American (PNA) Pattern (Wallace & Gutzler, 1981), and the so-called Pacific oceanic blob 
(2013-2014) (Hartmann, 2015) in the North Pacific are considered as ocean-atmosphere 
climate variability that potentially modulate LARs in BCSAK. Box and whisker plots 
encompassing the different phases of ocean-atmosphere climate variability display the 
distribution of LARs. The non-parametric Mann-Whitney-Wilcoxon test (Hollander, Wolfe, 
& Chicken, 2014) verifies the hypothesis that the distribution of a number of LARs in one 
phase of a given ocean-atmosphere pattern of variability is significantly different (p-value 





 Although signals of ocean-atmosphere climate variability are stronger during winter, 
especially for ENSO and the PDO, we test the hypothesis for both fall and winter owing to a 
large number of LARs in these seasons. El Niño, La Niña, and neutral phases of ENSO are 
based on the Multivariate ENSO Index (MEI; https://www.esrl.noaa.gov/psd/enso/mei.ext/) 
and sourced from the National Oceanic and Atmospheric Administration (NOAA) Earth 
Systems Research Laboratory (ESRL) Physical Sciences Division (PSD). The MEI is a 
comprehensive ENSO index based on six seasonally varying atmosphere-ocean variables in 
the tropical Pacific basin (Wolter & Timlin, 2011). We use NOAA’s monthly PDO 
(https://www.ncdc.noaa.gov/teleconnections/pdo/) and PNA 
(http://www.cpc.ncep.noaa.gov/data/teledoc/pna.shtml) indices and define positive (negative) 
phases of the PDO and PNA based on whether the seasonal average index value is greater 
(less) than +0.5 (-0.5) (Stahl, Moore, & McKendry, 2006). An index value of ±0.5 acts as a 
threshold to separate strong positive and negative phases of the PDO and the PNA. In 
addition, we use mean monthly sea surface temperature (SST) data of the northeastern 
(20°N-61°N, 180°W-120°W) and central (5°S-5°N, 190°E-120°W, matching the Niño3.4 
region) Pacific Ocean from NOAA 
(https://www.esrl.noaa.gov/psd/data/gridded/data.cobe.html) to analyze the relation between 






2.5  Results  
2.5.1  Frequency of landfalling ARs in BCSAK 
 On average, 35 ARs (with a standard deviation of 5 events) make landfall each year 
in coastal BCSAK with the highest number occurring during fall (13±2) and the lowest 
during spring (5±2) (Table 2.1). BCSAK experiences LARs every month with a maximum 
frequency during September and October and a minimum during March and April (Figures 
2.2 and 2.3). In extreme cases, up to eight ARs make landfall in a single month in coastal 
BCSAK. The average duration of a single LAR in BCSAK is 2±1.8 days. 
 
 
Figure 2.2: Number of monthly LARs in BCSAK, 1948-2016. White dots show the average 
number of LARs, black horizontal solid lines denote medians, vertical lines show the range 
in LAR numbers excluding outliers, and black dots show outliers defined as values >1.5 







Figure 2.3: Same as Figure 2.2 but for higher (53.5°N-60.0°N) and lower (47.0°N-53.5°N) 
latitudinal regions of BCSAK. 
 
The number of LARs in BCSAK varies substantially across different latitudes and seasons. 
The frequency of LARs in lower latitudes (47.0°N-53.5°N) is greater than higher latitudes 
(53.5°N-60.0°N). A variation of 14% occurs in annual LAR numbers across BCSAK. The 
seasonal variability ranges from 15% during fall to 40% during spring. There exists a strong 
latitudinal dependence on LAR variation with greater deviations in higher latitudes, 
especially in winter (Table 2.1). A significant, positive correlation (r = 0.40, p-value <0.05, 





ranges of BCSAK during 1948-2016. Similarly, the average co-occurrence rate, i.e., the 
fraction of one LAR event being counted in both the higher and lower latitudinal ranges of 
BCSAK, attains 38%. Seasonally, the correlation between the number of LARs in the two 
latitudinal zones is significant in winter and summer but not in fall and spring between 1948 



























































































































































































































































































































































































































































































































































































































































































































































































2.5.2  Trends in landfalling ARs  
 
Figure 2.4: Time series and monotonic trends in annual numbers of LARs at lower and 
higher latitudes across BCSAK. Black lines show trends for 1948-2016 while green lines 
show trends for 1979-2016, with solid lines indicating statistically significant trends (p-value 
<0.05). Table 2.1 lists trend magnitudes and significance. 
 
 The frequency of LARs in BCSAK shows positive trends in the long- (1948-2016) 
and short- (1979-2016) terms. There is a significant increase of 1.8 events decade-1 (p-value 
<0.05) during 1979-2016, corresponding to a 20% increase in the number of LARs in 
BCSAK since 1979. At lower latitudes, the number of LARs increases significantly (1.2 
events decade-1, p-value <0.05) during 1979-2016; however, the increase is insignificant 
across 1948-2016. In contrast, both the long- (1948-2016) and short- (1979-2016) term 
increasing trends of LARs are statistically insignificant (p-value >0.05) at higher latitudes 





corresponds to the negative phase of the PDO (Meehl, Hu, & Santer, 2009). The number of 
LARs does not show any significant trends in any season at the lower latitudes during 
1948-2016; however, there is a significantly increasing trend at higher latitudes in winter 
(Figure 2.5). In fall, the number of LARs decreases (0.4 events decade-1) at higher latitudes 
during 1979-2016; however, they do not show any significant trends at lower latitudes. In 
summer, the number of LARs increases significantly (0.7 events decade-1, p-value <0.05) at 
the lower latitudes during 1979-2016, however, they do not show any significant trends at 
higher latitudes. Furthermore, while there is no clear northward shift of AR activity in 
BCSAK, their frequency across this region increases, especially from 1979 to 2016. 
 
 






2.5.3  Synoptic analysis of landfalling ARs 
 The 500-hPa geopotential heights averaged over all the higher latitudes LAR days 
indicate strong positive anomalies and a ridge over western Canada whereas negative 
anomalies and a low-pressure system over the Gulf of Alaska prevail during lower latitudes 
LAR days (Figure 2.6). The synoptic evolution of the LARs in the higher and the lower 
latitudinal regions of BCSAK indicate different scenarios that favor LARs in each latitudinal 
range (Figure 2.7). For higher latitude LARs, the 500-hPa geopotential heights start with 
significant positive anomalies over the BC and PNW region that, with time, amplify and 
become quite strong before or at the first instance of the landfall (Figure 2.7a). However, it is 
the strong negative anomalies of 500-hPa geopotential heights over the Northeastern Pacific 
and the Gulf of Alaska prior to the landfall that favor LARs in the lower latitudes of BCSAK 
(Figure 2.7b). A strong trough over the Gulf of Alaska evolves and extends up to the 
Northeastern Pacific prior to lower latitude LARs whereas a strong ridge develops over the 
PNW and BC before higher latitude LARs. Thus, the amplification of an existing trough over 
the Northeastern Pacific and Gulf of Alaska and a ridge over BC and the PNW are the 
dominant synoptic features that control LARs in the lower and higher latitudes of BCSAK, 
respectively. Furthermore, the composites of MSLP indicate the evolution of a strong surface 
pressure gradient between the Northeastern Pacific and the Gulf of Alaska and western 
United States prior to lower latitude LARs; however, the pressure gradient is relatively weak 
for the higher latitudes. The strong surface pressure gradient and enhanced trough-ridge 
pattern of 500-hPa geopotential heights are associated with strong westerly geostrophic 
winds in the mid-troposphere and strengthened cyclonic activity at the surface that control 






Figure 2.6: Average synoptic condition during the LAR days at the higher and lower 
latitudinal ranges of BCSAK. (a) The composite of 500-hPa geopotential height anomalies 
(shading), 500-hPa geopotential height composites (green contours with an interval of 5 dam; 
1 dam = 1 decameter (10 meters)), and the MSLP (black contours with an interval of 3-hPa) 
and (b) The composite of 850-hPa specific humidity anomalies (shading), 850-hPa specific 
humidity composites (navy contours with an interval of 1), and the wind direction and speed 
(proportional to the length of the arrow) as indicated by the arrows. Only statistically 
significant departures (using a Student’s t-test) are shown. 
 
 The evolution of 850-hPa specific humidity prior to and during LAR events exhibit 
the development of higher positive anomalies that also mimic AR-like features of moisture 
transport for both higher and lower latitudes (Figures 2.7c-d). The extent of the advected 





of the specific humidity during an AR event shows its influence beyond the coastal region of 
BCSAK. Moreover, as an AR develops, the synoptic pattern of specific humidity evolves to 
take on the typical form of an AR from a more nebulous condition, and its amount for both 
higher and lower latitude regions of BCSAK approaches that of the subtropical North Pacific. 
The evolution of 850-hPa wind vectors shows stronger southwesterly flow over southeastern 
Alaska and northern BC prior to and during the higher latitude AR landfalls (Figure 2.7c) and 
over the PNW before and during the lower latitudes AR landfalls (Figure 2.7d). The area of 
stronger wind speed overlaps the region of positive specific humidity anomalies, revealing a 
clear association of moisture transport and wind during AR events. Of note, the seasonal 
breakdown of the synoptic evolution and prevailing conditions of LARs at higher and lower 
latitudes of BCSAK show a similar pattern (not shown) as that in Figure 2.7. 
 The evolution of the 500-hPa geopotential heights during LARs days indicate that 
ARs making landfall at higher BCSAK latitudes do so after a longer period of synoptic 
shortwave trough evolution, resulting in the trough axis being negatively tilted by the time 
the system reaches the BCSAK region (Figures 2.7a and 2.8). This is in contrast to the 
shorter duration and lower amplification of the trough associated with lower BCSAK latitude 
ARs, whereby the presence of a jet streak downstream of the trough axis as it approaches the 
coast forces the trough to lift, resulting in a more zonal flow and less ridging inland (Figures 
2.7b and 2.8). The difference in amplification between these two trough scenarios appears 




































































































































































































































































































































































































































































































































































































































































































































































































































2.5.4  Relation to ocean-atmosphere climate variability 
 There are more LARs in BCSAK in winter during the neutral phase of ENSO 
compared to La Niña and El Niño phases (Figures 2.9a and 2.10). Mean seasonal counts of 
LARs in fall are insignificantly greater during La Niña than El Niño years. During the 
positive phase of the PDO the mean number of LARs is significantly higher (based on a 
monthly index value greater (lesser) than +1.5 (-1.5)) in winter compared to the negative 
phase; however, the relation is not significant when mean seasonal indices of ±0.5 are 
considered. Average numbers of LARs are insignificantly higher during the positive phase of 
the PNA compared to the negative phase in both winter and fall (Figure 2.9c and Appendix 
A). Moreover, since ENSO, PDO, and PNA are not independent of each other (Stahl et al., 
2006) we test whether the number of LARs during the combined El Niño and positive phases 
of the PDO, and PNA is greater than the combined La Niña and negative phases of the PDO, 
and PNA. BCSAK experiences higher numbers of LARs during combined positive 
teleconnection phases than their negative counterparts, noting however, the relationship is 
insignificant (p-value = 0.08). In addition to these modes of ocean-atmosphere variability, the 
exploration of possible associations between LARs and the so-called Pacific oceanic blob 
(Bond, Cronin, Freeland, & Mantua, 2015; Hartmann, 2015) during the boreal winters of 
2013 and 2014 reveals a significantly higher incidence of LARs over BCSAK during this 
period in winter compared to the mean LARs of 1948-2012 as well as 2015/2016 winters 
(Figure 2.9d and Appendix A). Further explanation on the role of the Pacific oceanic blob 
and SST to LARs in BCSAK is presented in the discussion. Moreover, the distribution of 
lower and higher latitude LARs during different phases of ocean-atmosphere climate 





significantly higher number of LARs at higher latitudes during the winters of the Pacific 
oceanic blob, and the positive phase of the PNA compared to the non-blob years and the 
negative phase of the PNA, respectively (Figure 2.10 and Appendix A). 
 
Figure 2.9: Box and whisker plots showing the distribution of LARs in BCSAK during 
different phases of ocean-atmosphere climate variability, 1948-2016. White dots show the 
average number of LARs during each phase of ocean-atmosphere variability except the 
Pacific oceanic blob years which is shown by red dots, black dots indicate the outliers, black 
vertical solid lines denote medians, horizontal lines show the range of the number of LARs. 
Appendix A presents the significance of the difference in the distribution of LARs during 













2.6  Discussion 
2.6.1  Comparison with other studies 
 The findings of this study broadly agree with the independent, earlier results of Guan 
and Waliser (2015) and Brands et al. (2017) who perform an analysis of AR activity on 
global and regional scales that include the BCSAK region. For example, Guan and Waliser 
(2015) report an average 32 LARs affecting BCSAK annually, which is comparable to our 
results of 35 LARs per year. Results herein show relatively fewer LARs when compared with 
Brands et al. (2017) for the BCSAK region perhaps owing to the different algorithm and 
study periods. In BCSAK, on average, there are three LAR events per degree of latitude per 
year (Table 2.1). This number approaches that for Oregon, Washington, and southern BC 
(latitudes 41.0°N–52.5°N) using SSM/I observations of LARs for 1998-2008 (Dettinger et 
al., 2011). In addition, BCSAK experiences more LARs during fall in contrast to lower 
latitudes (32.5°N-41.0°N) of the west coast of North America where they are dominant in 
winter (Dettinger et al., 2011). This is likely due to the seasonal migration of cyclonic 
activity from the Gulf of Alaska during late summer to California during winter (Gershunov 
et al., 2017). Globally, the most frequent occurrence of LARs lies along the west coast of 
North America (including BCSAK), southern South America, and Europe (Guan & Waliser, 
2015). The annual LAR incidence is more frequent in BCSAK than North Africa, the Iberian 
Peninsula, Norway (Brands et al., 2017), southeastern United States (Debbage et al., 2017), 
and California (Dettinger et al., 2011), and lower only than over the British Isles (Brands et 





2.6.2  Possible causes of increased LAR activity 
 Our trend analyses of the frequency in LARs reveal significant increases between 
1979 and 2016. A possible explanation for the observed trends across BCSAK comes 
through the combination of changes in large-scale atmospheric circulation patterns and 
increases in lower tropospheric moisture content. 
2.6.2.1 Changes in the circulation pattern 
 The opposite trough-ridge pattern during lower and higher latitude LAR events in 
BCSAK is perhaps linked to upper air dynamics associated with extratropical circulation 
patterns (Hu et al., 2017; Lackmann & Gyakum, 1999). An AR’s trajectory and strength is 
related to the position and amplitude of the upper-level atmospheric flow, which is driven by 
the pole-to-equator temperature gradient (Bao et al., 2006; Dettinger, 2011; Payne & 
Magnusdottir, 2014; Roberge et al., 2009). For example, there exists a close relationship of 
ARs with the location of the 200-hPa jet, Rossby wave propagation, and anticyclonic Rossby 
wave breaking (RWB) in the upper troposphere (Payne & Magnusdottir, 2014; Ryoo et al., 
2015). Additionally, the weakening of the pole-to-equator temperature gradient (Jain, Lall, & 
Mann, 1999) may reduce the strength of ARs (Dettinger, 2011). The frequency and 
amplitude of large-scale atmospheric waves at 500-hPa geopotential heights has been used by 
Francis and Vavrus (2015) to describe the changes in the waviness in the upper-level 
circulation. Seasonal occurrences of LARs across BCSAK correspond with changes in this 
sinuosity, whereby BCSAK experiences more LARs during fall and winter when there exists 
a wavier jet stream, compared to spring when LARs are fewer and the waviness wanes (Tan, 





& Magnusdottir, 2014; Ryoo et al., 2013), RWB, especially the anticyclonic one, directly 
influences the moisture flux trajectories and thus the ARs’ landfalling latitude. The 
anticyclonic RWB occurs more frequently when the upper-level flow shifts poleward (Liu & 
Barnes, 2015). Studies indicate that Arctic amplification, an enhanced warming in the Arctic 
compared to the remainder of the Northern Hemisphere is causing the poleward migration of 
the upper-level atmospheric flow and a significant increase in the sinuosity of the Northern 
Hemisphere jet stream especially during fall and winter (Cattiaux, Peings, Saint-Martin, 
Trou-Kechout, & Vavrus, 2016; Francis & Vavrus, 2015). Moreover, the wavier jet-stream 
often leads to meridional flow along the BCSAK coast, which in turn advects warmer, 
moister air northeastward (Francis & Skific, 2015). The period of significant increase in the 
LARs across BCSAK (i.e., since 1979) coincides with a significant weakening of zonal 
winds and the decrease in the progression of Rossby waves eastward caused by Arctic 
amplification (Francis & Vavrus, 2012). The slower progression of the troughs means the 
conditions favorable for moisture advection can build up over days, enhancing the northward 
moisture transport. Thus, Arctic amplification in recent decades causes the blocking-like 
circulation pattern (Figures 2.7a-b and 2.8), which is closely related to anticyclonic RWB 
leading to an increase in the frequency of LARs across BCSAK (Liu & Barnes, 2015; Ryoo 
et al., 2013; Stroeve et al., 2012).  
2.6.2.2 Changes in moisture content 
 As per the Clausius-Clapeyron equation, observed increases in global surface air 
temperatures during recent decades are known to induce intensification of the atmospheric 
moisture content that feeds ARs (Lavers, Ralph, Waliser, Gershunov, & Dettinger, 2015; 





precipitation per degree Kelvin of warming and Dai (2006) shows a significant increase in 
specific humidity in the Northern Hemisphere for 1979-2004 with a strong correlation 
between specific humidity and surface air temperature. Furthermore, our analysis shows a 
significant increase in specific humidity values over most of the Northeastern Pacific, 
especially in winter, during 1979-2016; however, there are no significant changes in the 
meridional wind (Figure 2.11). Thus, it is likely the increase in moisture availability due to 
evaporation, in combination with a northward shift of the Pacific storm tracks (Salathé, 2006) 












































































































































2.6.3  Relation to SSTs and teleconnection patterns 
 The Pacific SSTs and ocean-atmosphere climate variability (e.g., ENSO, PDO, and 
PNA) provide insights on modulation of LARs, and may be of use for seasonal prediction of 
LAR activity across BCSAK (Gershunov et al., 2017; Guan & Waliser, 2015; Payne & 
Magnusdottir, 2014; Ryoo et al., 2013). An analysis between spatially-averaged SST values 
over the northeastern and central Pacific and the occurrence of LARs across BCSAK 
provides further evidence of the role of enhanced SSTs in increasing the likelihood of LAR 
frequency. Significant, positive lagged correlation exists between monthly detrended LAR 
frequency and monthly detrended mean SSTs over the northeastern (r = 0.59, p-value <0.05, 
n = 454) and central (r = 0.23, p-value <0.05, n = 454) Pacific Ocean during 1979-2016 
(Figure 2.12). The northeastern and the central Pacific SSTs lead the number of LARs in 
BCSAK by one month and four months, respectively, suggesting that Pacific SSTs can be 
considered as one of the seasonal predictors of LARs in BCSAK. Moreover, the synoptic 
composite of 500-hPa geopotential heights and MSLPs during the winter months of the 
Pacific oceanic blob (Figure 2.13) exhibit conditions similar to that of higher latitude LAR 
days (Figures 2.6 and 2.7 (0hrs)). This suggests that the Pacific oceanic blob likely favors the 
synoptic conditions that generate LARs, especially, in the higher latitude regions of BCSAK; 
however, further investigation is required because of the rarity of SST anomalies during the 






Figure 2.12: Lead-lag Pearson correlation coefficient (r) between spatially-averaged monthly 
detrended SSTs over the northeastern and central Pacific and monthly detrended LARs 
number in BCSAK, 1979-2016. The black squares on top of the lines indicate significant 
correlations (p-value <0.05). Negative (positive) lag in months on the abscissa indicates 
months by which the SST leads (lags) LAR numbers in BCSAK. 
 
 Results of this study suggest that the highest number of LARs in BCSAK occurs 
during the neutral phase of ENSO, in agreement with the findings of Bao et al. (2006) and 
Dettinger (2004), but in contrast to the results of Payne and Magnusdottir (2014), and Guan 
and Waliser (2015) who observed the largest number of LARs during the El Niño phase 
along the west coast of North America. Bao et al. (2006) hypothesize that the neutral (El 
Niño) phase of ENSO provides the most favorable (least favorable) condition for tropical 
moisture transport towards the west coast of North America owing to the changes in the 
strength of the Hadley circulation. Results herein are inconsistent with the findings of Payne 





(infrequent and weaker) LAR events during El Niño (La Niña) phases along the west coast of 
the United States. This disparity is likely due to the farther poleward shift of seasonal AR 
activity during neutral and La Niña phases and an equatorward shift during El Niño 
(Mundhenk et al., 2016; Payne & Magnusdottir, 2014) and latitudinal differences of the 
landfalling location considered in this study. Furthermore, during an El Niño, the storm 
tracks that originate in the subtropical western Pacific propagate zonally bringing more ARs 
to lower latitudes than the mid-to-high latitudes (Ryoo et al., 2013). Consistent with the 
pattern observed in this study, Liu et al. (2016) and Dettinger (2004) find enhanced AR 
frequency during the positive phase of the PDO over the Gulf of Alaska and its coastal region 
in winter. The significantly increasing trends in LARs from 1979-2016 coincide with the 
shift to the positive phase of the PDO suggesting a higher number of LARs in BCSAK 
during this phase (Deser, Phillips, & Alexander, 2010). The distribution of LARs shows a 
greater number during the positive phase of the PNA compared to the negative phase, owing 
to the deepening of the Aleutian Low and a northward displacement of the polar jet stream 
(Francis & Vavrus, 2015). This, in turn, results in more LARs in BCSAK (Rodionov et al., 
2007; Stahl et al., 2006). This also aligns with the findings of Guan and Waliser (2015) and 
Brands et al. (2016), who find a positive relation between the positive phase of the PNA and 
AR counts offshore northern California and the Gulf of Alaska, respectively. Furthermore, a 
significant variation occurs in the synoptic conditions that favor LARs in lower and higher 
latitudes of BCSAK. However, the linkages between ocean-atmosphere climate variability at 
lower and higher latitude LARs are not significantly different compared to LARs of BCSAK. 
Thus, perhaps it is upper air dynamics (e.g., RWB; Ryoo et al., 2013) that controls the 






Figure 2.13: Composite of 500-hPa geopotential heights and MSLP during the winter 
months of the Pacific oceanic blob years, 2013 and 2014. Shading indicates the anomalies of 
500-hPa geopotential heights, green contours show 500-hPa geopotential height composites, 
whereas the black dashed contours indicate MSLP composites. 
 
2.6.4  Correspondence with future projections 
 A comparison between the historical AR patterns in BCSAK with those projected 
over the next century using global or regional climate models signals whether the historical 
changes in ARs align with projected changes. Dettinger (2011) examined changes in AR 
frequency along the west coast of the United States using an ensemble of projections for 
seven global climate models and reports an increase in AR frequency. Warner et al. (2015) 
simulated the ARs along the North American west coast using the Coupled Model 





Pathway (RCP) 8.5 scenario. They report a significant increase in moisture transport through 
ARs. Payne and Magnusdottir (2015) perform an evaluation of ARs over the North Pacific 
using CMIP5 and show a broadening of the frequency distribution of ARs. These patterns 
reported in future projections along the west coast of North America are in agreement with 
historical annual trends observed in this study from 1979 to 2016; however, they do not 
concord with long-term trends for 1948-2016.  
2.7  Conclusions 
 This work presents the temporal change on the frequency of LARs, synoptic 
evolution and prevailing conditions that favor LARs in the higher and lower latitudes of 
BCSAK, and linkages with ocean-atmosphere climate variability using an AR catalog and 
the NCEP/NCAR reanalysis data. This study improves our understanding of AR 
characteristics in the northern latitudes of western North America and may be useful for 
operational forecasting and seasonal predictions of LARs in this region. 
  On average, BCSAK experiences 35±5 LARs annually, with the highest frequency 
during fall, followed by winter. Annually, the lower latitude region experiences more LARs 
(29±5) than higher latitudes (19±4). The trend analyses show a significant increase in LARs 
during 1979-2016 and an insignificant positive trend during 1948-2016 across BCSAK. The 
significant increase in LARs across BCSAK during 1979-2016 is likely due to a combined 
influence of (a) the wavier upper-level atmospheric flow associated with Arctic 
amplification, and (b) increases in the lower tropospheric moisture content due to increase in 
the global surface temperature. The synoptic evolution of LARs shows a gradual 





strong ridge over BC and the PNW before higher latitudes LARs. The observed variations in 
the dynamic conditions favoring higher and/or lower latitudes of BCSAK may be useful to 
better predict AR activity in this region. The Pacific Ocean SSTs and ocean-atmosphere 
climate variability, namely the ENSO, PDO, PNA, and the Pacific oceanic blob, play a 
significant role in modulating the seasonal frequency of LARs affecting BCSAK; however, it 
is likely the upper air dynamics control the evolution and landfalling location of an AR in 
this region. 
 Overall, this work expanded the current understanding of historical changes in LARs 
in BCSAK, especially in the mountainous regions of western Canada that play a crucial role 
in water resources of this region. An improved understanding of the AR climatology in 
BCSAK remains essential in the context of global warming because future water availability 
and security in this region’s rapidly changing environment are emerging as critical issues. 
Changes in the frequency of LARs in the coastal region of BCSAK not only impact water 
resources but also affect extreme hydrological events. Future research will focus on the 
contribution of ARs to the water resources of BC with an aim to provide enhanced 
information about changes in hydrological extremes, especially in mountainous regions. This 
and future research will expand our understanding on the contribution of ARs to this region’s 





CHAPTER 3: CONTRIBUTION OF ATMOSPHERIC RIVERS TO ANNUAL, 
SEASONAL, AND EXTREME PRECIPITATION ACROSS BRITISH 
COLUMBIA AND SOUTHEASTERN ALASKA 
Publication details: 
This chapter has been published in the Journal of Geophysical Research: Atmospheres. 
Sharma, A. R., & Déry, S. J. (2020). Contribution of atmospheric rivers to annual, seasonal, 
and extreme precipitation across British Columbia and southeastern Alaska. Journal of 
Geophysical Research: Atmospheres, 123. https://doi.org/10.1029/2019JD031823  
 
3.1  Abstract 
 Lying in the prevailing westerlies, British Columbia and southeastern Alaska 
(BCSAK) often receive copious amounts of precipitation through Atmospheric Rivers (ARs). 
This study quantifies the contribution of ARs to annual, seasonal, and extreme precipitation 
across BCSAK from 1979 to 2012 using a recently developed high-resolution gridded 
precipitation dataset, a regional AR catalog, and Integrated Vapor Transport fields calculated 
from a reanalysis dataset. On average, ARs contribute 13% of annual total precipitation with 
the higher contribution along the coastal regions (up to 33%), parts of which are one of the 
wettest locations on the earth, followed by the Columbia and Rocky Mountains (~9%-15%). 
The highest contributions occur during September (up to 57%) and October (up to 49%). The 
contribution of ARs to extreme precipitation reaches >90% along the western arc of the 
Coast Mountains, Vancouver Island, Haida Gwaii, and southeastern Alaska. ARs act as the 
main synoptic-scale mechanism that brings rainfall to the Rocky Mountains in winter. The 
probability of observing AR-related precipitation increases over the study period; however, 





1979-2012. This work provides insights on the critical role ARs play on the water resources 
of northwestern North America and has broader implications on community water supply and 





3.2  Introduction 
Globally, the regions exposed to westerly maritime flows receive a substantial 
amount of their precipitation and its extremes from extratropical cyclones, mostly during the 
cold season (Gimeno et al., 2012; Hawcroft, Shaffrey, Hodges, & Dacre, 2012). British 
Columbia (BC), Canada and southeastern Alaska (AK), the United States (BCSAK), lies in 
the frontline of the prevailing mid-latitude westerlies and receive copious amounts of 
precipitation, especially during autumn and winter, primarily through the extratropical 
cyclones emanating from the North Pacific (Hare, 1998; Stahl et al., 2006). Although 
westerlies dominate this region’s climate, the presence of steep topography leads to enhanced 
precipitation through the orographic uplift of moisture within transient Pacific extratropical 
cyclones (Neiman, Ralph, Wick, Lundquist, et al., 2008). Atmospheric Rivers (ARs), the 
phenomenon first identified by Zhu and Newell (1994) to represent the filamentary structure 
of atmospheric water vapor transport, are long (>2000 km) and narrow (length/width >2) 
meso-scale synoptic corridors of moisture often found in the warm sector of the extratropical 
cyclones (Lavers et al., 2011; Ralph et al., 2017, 2004). Generally concentrated in the lower 
troposphere, these moisture conveyor belts produce effectively orographic precipitation when 
they interact with mountain topography and influence substantially the precipitation of 
western North America including BCSAK (Dettinger et al., 2011; Ralph et al., 2013; Ralph, 
Neiman, & Rotunno, 2005).  
Through their cumulative effects, ARs influence substantially seasonal precipitation 
anomalies, short-term weather and flooding events, and contribute exceptionally to the global 
water cycle; indeed, they transport >90% of (sub-)tropical moisture poleward at mid-latitudes 





vapor transport inland and their impacts on water resources and extreme hydrological events, 
there exist extensive studies on the identification and characteristics of ARs (Bao et al., 2006; 
Guan & Waliser, 2015; Lavers et al., 2012; Neiman, Ralph, Wick, Lundquist, et al., 2008; 
Ralph et al., 2004), impacts on precipitation (Chen et al., 2018; Dettinger et al., 2011; Lavers 
et al., 2013; Lavers & Villarini, 2015a; Rutz et al., 2014), snow accumulation (Goldenson, 
Leung, Bitz, & Blanchard-Wrigglesworth, 2018; Gorodetskaya et al., 2014), and peak runoff 
and flooding (Curry, Islam, Zwiers, & Déry, 2019; Konrad & Dettinger, 2017; Ralph et al., 
2006). 
During an AR, conditions are conducive to the occurrence of heavy orographic 
precipitation (Neiman, Ralph, Wick, Lundquist, et al., 2008; Ralph et al., 2013). A moist 
low-level jet, large water vapor content, strong horizontal winds propagating toward the 
elevated terrain, and steep mountains yield heavy orographic precipitation from ARs (Lin, 
Chiao, Kaplan, & Weglarz, 2001; Neiman, Ralph, White, Kingsmill, & Persson, 2002). 
Moreover, the strength of orographic precipitation associated with an AR depends on 
different variables such as terrain elevation, slope, the wind speed and direction, and the 
orientation of the AR trajectory (Lin et al., 2001; Neiman, Ralph, Wick, Lundquist, et al., 
2008; Ralph et al., 2003). The proximity of an area to the coast and presence (or absence) of 
a topographic barrier also influence the AR-related precipitation in that area. This arises 
owing to the depletion of water vapor over the topographic barrier that leads to AR decay 
farther inland (Rutz et al., 2014). 
Precipitation associated with ARs varies in terms of amount and phase based on 
factors such as the time of the year, elevation, latitude, and proximity to the coast. Generally, 





mountains and weakens further inland (Rutz, Steenburgh, & Ralph, 2015). The intense 
precipitation from an AR replenishes freshwater resources and occasionally leads to extreme 
flooding (e.g., the September 2010 Bella Coola, BC flood event; PCIC, 2013). In this 
context, the literature lacks the quantification and characterization of the precipitation and its 
extremes associated with ARs across BCSAK. Moreover, an increase in the global surface air 
temperature intensifies the availability of atmospheric moisture in-line with the 
Clausius-Clapeyron relation (Dessler, Zhang, & Yang, 2008). This, in turn, causes an 
increase in the horizontal moisture transport through ARs (Lavers et al., 2015; Payne & 
Magnusdottir, 2015; Radić et al., 2015). However, it is not yet known whether there have 
been recent increases or decreases in the contribution of ARs to precipitation across BCSAK. 
Motivated by these research gaps, this study aims to analyze the relationship between ARs 
and precipitation in this region. We explore changes in the fractional contribution of ARs to 
precipitation over recent decades with an implementation of a zero-inflated beta regression 
model. Specifically, the main objectives of this work are: (i) to quantify the contribution of 
landfalling ARs to annual and seasonal precipitation (including its partitioning into rainfall 
and snowfall) and to assess changes in contributions during 1979-2012 across BCSAK and 
(ii) to understand the relationship between ARs and extreme precipitation across BCSAK 
during 1979-2012. 
3.3  Study Area 
The BCSAK region covers an area of ~1.07 × 106 km2 (BC ~0.95 × 106 km2 and 
southeastern AK ~0.12 × 106 km2) with latitudes ranging from ~47.5°N to 60.0°N, longitudes 





3.1). Much of the western Canadian Cordillera lies within this region and forms a barrier to 
the mid-latitude prevailing westerlies (Hare, 1998; Moore et al., 2010). BCSAK includes 
temperate rainforests, montane and alpine environments, a flat interior plateau, wet western 
slopes, and dry rain-shadow regions (Church & Ryder, 2010; Holland, 1976). Its weather 
shows a distinct climatological pattern controlled by season, the proximity to the coast, and 
topography, such as a modest (coast) to high (inland) annual air temperature range. A strong 
precipitation gradient with a moist coastal region and dry interior occurs due to the presence 
of the Coast Mountains and their rain-shadow effect (Moore et al., 2010; O’Neel et al., 
2015). The Columbia and Rocky Mountains to the east, the Coast and Insular Mountains to 
the west, and the St. Elias Mountains to the north of BCSAK form headwaters of many major 
rivers of western Canada and the Pacific Coast including the Columbia, Fraser, Mackenzie, 
Nass, Skeena, Stikine, and Yukon Rivers (Hernández-Henríquez et al., 2017; Reynoldson et 



























































































































































































































































































































3.4  Data and Methods 
3.4.1  Data 
3.4.1.1 Precipitation data 
 We use daily gridded precipitation from the Pacific Climate Impacts 
Consortium (PCIC) meteorology for northwestern North America (PNWNAmet) dataset 
(Werner et al., 2019). PNWNAmet is a high-resolution meteorological dataset recently 
developed by PCIC, available through their data portal: 
https://www.pacificclimate.org/data/daily-gridded-meteorological-datasets; accessed 17 
August 2018. This dataset provides temporally consistent daily gridded precipitation and 
daily minimum and maximum air temperatures at a relatively high spatial resolution of 
0.0625° × 0.0625° (~6 km × 6 km) for northwestern North America spanning 1 January 1945 
to 31 December 2012.Werner et al. (2019) constructed the PNWNAmet daily gridded data 
using three independent variables as predictors: longitude, latitude, and Climate Western 
North America (ClimateWNA; v5.10) monthly climate normals (Wang, Hamann, 
Spittlehouse, & Aitken, 2006; Wang, Hamann, Spittlehouse, & Murdock, 2016). The 
ClimateWNA dataset, available at monthly temporal resolution, implements a bilinear 
interpolation and an elevation adjustment to generate scale-free climate data for western 
Canada and the Alaska Panhandle (Wang et al., 2006, 2016).  
Werner et al. (2019) perform validation of the PNWNAmet and other available 
gridded data (e.g., Natural Resources Canada meteorology (NRCANmet), also known as the 





independent Agricultural and Rural Development Act (ARDA) network data, of which many 
stations were located at elevations >1000 m above sea level throughout BC covering 1965 to 
1991. Their results show that the PNWNAmet precipitation has a lower magnitude positive 
bias when compared to the negative bias shown by NRCANmet precipitation (see Figure 2a 
in Werner et al., 2019). For average and extreme precipitation, PNWNAmet outperforms 
NRCANmet making it a more reliable product for the higher end of extreme precipitation 
analysis compared to other major daily frequency gridded products for this region (Werner et 
al., 2019). For example, the biases of PNWNAmet and NCARmet versus ARDA for total 
annual precipitation when daily precipitation amount is >95th percentile are -4.25% and -
30.71%, respectively (Werner et al., 2019). We calculate the total monthly, seasonal, and 
annual precipitation from the daily data and average these values over the period of study. 
Daily precipitation partitioning into snow and rain relies on daily mean air 
temperature (obtained as the average of daily minimum and maximum air temperatures) 
threshold following the UBC Watershed Model equation (Quick & Pipes, 1977). This model 
considers the precipitation as all snow when daily mean air temperature ≤0.6°C and all rain if 
≥3.6°C. Equation (1) then gives the proportion of snow when daily mean air temperature 
( , °C) lies between 0.6°C and 3.6°C (Kienzle, 2008; Quick & Pipes, 1977; Trubilowicz & 
Moore, 2017): 
Snow proportion = 1 −  
 
3
− 0.2 .                       (3.1) 
This approach, originally designed and validated for mountainous catchments in BC 
(e.g., the Columbia and Fraser river basins; Quick & Pipes, 1977), considers the thermal 





3.4.1.2 Data on ARs 
Given the significance of ARs in water resources and their accompanying extreme 
weather events, many AR databases have been developed in recent years that provide 
information on AR chronologies and characteristics at global and regional levels, including 
the BCSAK region (Gershunov et al., 2017; Guan & Waliser, 2015; Rutz et al., 2014; 
Sharma & Déry, 2020b). We use the AR chronology and Integrated Vapor Transport (IVT) 
information in BCSAK from a six-hourly AR catalog published by the Scripps Institution of 
Oceanography (SIO-R1-AR Catalog, Gershunov et al., 2017; 
http://cw3e.ucsd.edu/Publications/SIO-R1-Catalog/, accessed 13 February 2018). The IVT 
field has been re-gridded using bilinear interpolation to match the resolution of the 
PNWNAmet dataset. This AR catalog provides the frequency, duration, and landfalling 
location, along with IVT gridded data at six-hourly temporal resolution across the North 
American West Coast (20°N to 60°N) from January 1948 to March 2017. The SIO-R1-AR 
Catalog was derived using the six-hourly specific humidity and wind fields at 2.5° × 2.5° 
spatial resolution from the National Centers for Environmental Prediction/National Center 
for Atmospheric Research (NCEP/NCAR) reanalysis dataset (Kalnay et al., 1996). 
Gershunov et al. (2017) validated the SIO-R1-AR Catalog by comparing it against the 
Special Sensor Microwave Imager (SSM/I) based AR catalog recorded by Neiman et al. 
(2008) and observed a favorable comparison between these two datasets.  
Given the substantial modulation of precipitation amounts by ocean-atmosphere 
climate variability, it is of interest to explore how the contributions of ARs to precipitation 
across BCSAK differ during the alternating Pacific Decadal Oscillation (PDO) and El 





precipitation during the cool phase of the PDO (1948-1976) to compare with the warm phase 
(1977-1999) (Mantua & Hare, 2002). Similarly, use of the Multivariate ENSO index gives 
the years with phases of ENSO (Wolter & Timlin, 2011). The Mann-Whitney-Wilcoxon test 
provides statistical significance of the distribution of AR-related precipitation during 
different phases of ENSO (Hollander et al., 2014).  
3.4.2  Methods 
3.4.2.1 The contribution of ARs to precipitation  
A calculation of the fraction of precipitation attributed to ARs determines their 
contribution to total annual and seasonal precipitation for January 1979 to December 2012. 
Reasons for selecting this study period are to: (i) minimize the precipitation variability 
associated with phases of the PDO (see sections 3.5.7 and 3.6.2 ; Meehl, Hu, & Santer, 2009) 
and (ii) obtain an improved representation of the AR chronology and IVT field through the 
ingestion of remote sensing data into the NCEP/NCAR reanalysis after 1979 (Kalnay et al., 
1996). To calculate the fraction of AR-related precipitation, we first derive the chronology of 
landfalling AR-days and the following day in BCSAK (47.5°N to 60.0°N), called AR-days, 
from the SIO-R1-AR Catalog. Consideration of both the landfalling AR day and the 
following day addresses the one-day uncertainty between the Coordinated Universal Time 
(UTC) based AR chronology and the local time gridded precipitation data (Dettinger et al., 
2011). Next, for each grid cell, the precipitation is AR-related if the IVT is ≥250 kg m-1 s-1 
for these AR-days. Then, a division of the AR-related precipitation by total precipitation for 





coefficient of variation (CV=standard deviation (SD)/Mean) provides the inter-annual 
variability on the contribution of ARs to annual precipitation across BCSAK. 
 We obtain annual and seasonal extreme precipitation for each grid cell across 
BCSAK following the block maxima approach of the statistical method of extreme value 
theory (Coles, 2001; Lavers & Villarini, 2013b). This approach provides one extreme 
precipitation event per year for 1979-2012, creating a series of 34 events for each grid cell 
across BCSAK. The block maxima, a widely used approach for extreme event analysis (e.g., 
Blanchet, Marty, & Lehning, 2009; Lavers & Villarini, 2013b) minimizes serial dependence 
of extreme precipitation events and covers longer temporal ranges. Next, for each year, we 
cross-reference the annual extreme day with the AR-days series and if there is a match, it is 
considered an AR-influenced extreme occurrence. Thereafter a division of the number of 
AR-influenced extreme occurrences by the number of total extreme events provides the 
fraction of the AR-related extreme precipitation in each grid cell across BCSAK. The same 
approach provides the fractional contribution of ARs to seasonal extreme precipitation 
occurrences using results for autumn: September-November, winter: December-February, 
spring: March-May, and summer: June-August, in place of the annual values.  
3.4.2.2 Zero-inflated beta regression and logistic regression models 
An implementation of the zero-inflated beta regression model gives the temporal 
change on the contribution of ARs to total precipitation over 1979-2012 across BCSAK. Beta 
regression models, an extension of generalized linear models, describe rates and proportions 
in situations where the response is constrained to the open interval (0,1) (Ferrari & 
Cribari-Neto, 2004; Ospina & Ferrari, 2010). In AR contribution time series, however, the 





distribution that allows zero and the fractional values i.e., an interval of [0,1) (Ospina & 
Ferrari, 2010). For a random variable    (AR fraction in i
th year) the zero-inflated beta 
distribution is given as (Lavers & Villarini, 2015a; Ospina & Ferrari, 2010):  
          
 (  ) =  , if    = 0,                                                                                                                     




   (1 −   )
 (   )     if    ∈ (0,1)    (3.2)
 
 
where Γ(. ) is the gamma function, the parameters  ,  , and   represents the mean, variance, 
and the probability of a zero-observation, respectively and satisfy 0<µ<1, σ>0, and 0<ν<1. 
Equations (3.3) and (3.4) provide the expected value and variance, respectively:  
 (  ) = (1 −  )  ,                                                                                                        (3.3) 
   (  ) = (1 −  )  
 (1 −  )
  + 1
  +  (1 −  )   .                                                    (3.4) 
The generalized additive models for location, scale and shape (gamlss) package in R 
provides tools to implement the highly flexible zero-inflated beta regression model in 
location, scale, and shape (Stasinopoulos & Rigby, 2007). The model reveals changes over 
time in the contribution of ARs to precipitation for each grid cell for the parameters 
 ,  , and   (Lavers & Villarini, 2015a; Ospina & Ferrari, 2012). We consider all possible 
model combinations so that each parameter can be a linear function of time and select the 
model with the lowest Akaike Information Criterion (AIC) (Akaike, 1974). The AIC 
provides a compromise between the goodness-of-fit and complexity of the models. 
An implementation of the logistic regression model yields the temporal change of the 





an AR during an extreme precipitation day) for     year, then the probability   of a binary 




 for    ∈  (0,1),                                                                         (3.5) 
where the logistic model coefficients  s represent the rate of change in log-odd and are 
estimated through the maximum likelihood method (Fahrmeir et al., 2013). 
The change in contribution over time is significant at each grid if the probability value 
(p-value) <0.05 for both the zero-inflated beta regression and logistic regression models. 
To further evaluate the global significance of the individual grid point’s significant 
changes, we perform field significance testing following Wilks’ (2011, 2016) procedure that 
minimizes the False Discovery Rate (FDR). If    with   = 1,2, … ,   are individual grid 
point’s p-values for   hypothesis tests sorted in ascending order so that  ( ) ≤  ( ) ≤ ⋯ ≤
 ( ) with    being most significant and    least significant then, the results of individual 
tests are considered globally significant if their respective p-values are no greater than a 
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                                                                          (3.6) 






3.5  Results  
3.5.1  Precipitation climatology 
The average annual and monthly precipitation amounts across BCSAK reveal the 
distinct influence of mountains and proximity to the coast (Figures 3.2a and 3.3). Average 
annual total precipitation maps show higher amounts (≥10,000 mm year-1) along the western 
slopes of the Coast Mountains of BCSAK relative to their eastern counterparts (Figure 3.2). 
This precipitation total approaches the value recorded in perhaps the world’s wettest location, 
Cherrapunjee, northeastern India, which averages 11,987±3,324 mm of rainfall annually 
(Jain, Kumar, & Saharia, 2013; Murata, Hayashi, Matsumoto, & Asada, 2007). This suggests 
that parts of coastal BCSAK lie amongst the wettest regions on the planet. Mountainous 
regions (e.g., the Columbia and Rocky Mountains; Figure 3.2a) of BCSAK receive moderate 
amounts (~1500 mm year-1) of annual precipitation. Moreover, there are drier regions with 
precipitation <500 mm year-1 in northeastern BC and parts of the central Interior Plateau 
owing to the rain-shadow effect on moisture-laden westerly flows (Figure 3.2). The 
variability of annual total precipitation is lower along the coastal and mountainous regions of 
BCSAK; the average variation in precipitation is highest during August, February, and 






Figure 3.2: (a) The average annual total precipitation across BCSAK (on a logarithmic 
scale), 1979-2012 and (b) Coefficient of variation (CV = standard deviation (SD)/mean) of 



















3.5.2  The contribution of ARs to total precipitation  
 The contribution of ARs to annual total precipitation shows high spatial variability 
with contributions ranging from <5% to >33% (spatial average =13%) across BCSAK during 
1979-2012 (Figure 3.5a and Table 3.1). The highest contribution occurs in the low-lying 
coastal regions (~33%) followed by the mountainous terrain of BCSAK (Figure 3.5a). The 
contribution of ARs averages 20%, 11%, and 6% of total annual precipitation along the 
ranges of the Coast, Columbia, and Rocky Mountains, respectively (Table 3.2). These 
indicate average contributions over 34 years but exclude year-to-year variability. For 
example, the spatially-averaged highest contribution occurs in 2005 (27%) (spatial range: 
2%-45%) and the lowest occurs in 1982 (10%) (spatial range: 0%-26%). Furthermore, ARs 
contribute one-third of the average ~9000 mm year-1 precipitation in coastal regions whereas 
in northeastern BC the contribution is minimal because, on average, they contribute only a 
small fraction (~4% of the 600 mm year-1 annual total precipitation). The coefficient of 
variation of the percentage of the contribution of ARs to annual total precipitation reveals 
lower variability along the coastal regions of BCSAK (<0.2) that increases with inland 






Figure 3.5: The (a) average of, and (b) coefficient of variation in, the contribution of ARs to 











Table 3.1: Contribution of ARs to total annual and monthly precipitation (%), snowfall (%), 
and rainfall (%) across BCSAK, 1979-2012. 
Period 
Average contribution 
of ARs to precipitation 
(%) (spatial range (%)) 
Average contribution 
of ARs to snowfall (% 
of total snowfall) 
(spatial range (%)) 
Average contribution of 
ARs to rainfall (% of 
total rainfall) (spatial 
range (%)) 
January 10 (0-24) 7 (0-26) 56 (0-100) 
February 7 (0-24) 5 (0-19) 36 (0-100) 
March 4 (0-18) 2 (0-13) 13 (0-100) 
April 5 (0-18) 2 (0-11) 8 (0-39) 
May 5 (0-18) 1 (0-13) 6 (0-31) 
June 5 (0-23) 1 (0-14) 5 (0-23) 
July 9 (1-26) 1 (0-14) 9 (0-26) 
August 15 (3-37) 1 (0-24) 15 (3-37) 
September 24 (6-57) 1 (0-34) 26 (6-75) 
October 23 (2-49) 6 (0-36) 35 (5-95) 
November 14 (0-37) 8 (0-29) 47 (0-100) 
December 10 (0-27) 7 (0-23) 53 (0-100) 
Annual 13 (0-33) 7 (0-23) 18 (3-44) 
 
Table 3.2: Average contribution of ARs (%) to annual precipitation, rainfall, and snowfall 
across the Coast, Columbia, and Rocky Mountains of BCSAK, 1979-2012. 







Precipitation (%) (spatial range (%)) 20 (9-28) 11 (8-14) 6 (3-14) 
Rainfall (%) (spatial range (%)) 32 (17-42) 13 (11-18) 9 (4-17) 





 The BCSAK region receives higher precipitation during autumn and winter months 
(up to 2200 mm in a single month along the coastal region) and lower amounts during late 
spring and early summer months with some areas receiving no precipitation at all (Figure 
3.3). Average total monthly precipitation associated with ARs ranges from no precipitation to 
>50% depending on the month and location within the region (Figure 3.6). The highest and 
most widespread contribution occurs during late summer and autumn (August: 3%-37%, 
September: 6%-57%, October: 2%-49%, and November: 0%-37%) whereas the lowest 
contribution occurs during spring months (Figure 3.6 and Table 3.1). 
3.5.3  The contribution of ARs to extreme precipitation  
 An association of up to 97% exists between annual extreme precipitation and ARs in 
parts of BCSAK during 1979-2012 (Figure 3.7). The highest contribution of ARs to extreme 
precipitation lies along southeastern AK (up to 97%), Haida Gwaii (94%), Vancouver Island 
(~90%), coastal regions of central BC (up to ~90%), and the Columbia and Rocky Mountains 
(up to ~60%) (Figure 3.7). A seasonal analysis shows the highest contribution occurs during 
autumn (up to 82% in southeastern AK, ~75% in the Coast Mountains and the western arc 
from the Coast Mountains, and 50%-60% in the Columbia and Rocky Mountains), followed 
by winter (Figure 3.8). Similar to total annual and monthly precipitation, the influences of 
orography and proximity to the coast are visible in the AR-related extreme annual and 
seasonal precipitation. For example, the contribution of ARs to annual extreme precipitation 
diminishes to <10% towards northeastern BC likely because this region lies in the lee of 
several prominent north-south mountain ranges and farther inland from the Pacific Ocean 





















3.5.4  The influence of ARs on snowfall and rainfall 
A monthly and seasonal decomposition of the contribution of ARs to snowfall and 
rainfall indicates a higher AR association with liquid rather than solid precipitation across 
BCSAK during 1979-2012 (Table 3.1 and Figures 3.9 and 3.10). On average, ARs contribute 
5±4% (spatial range 0%-29%) of total snowfall during autumn and 6±5% (spatial range 
0%-22%) in winter; they contribute 48±20% (spatial range 0%-100%) and 36±11% (spatial 
range 5%-84%) of total rainfall during autumn and winter, respectively. A distinct variation 
occurs in the spatial distribution of the contribution of ARs to snowfall and it exhibits an 
elevational dependency across BCSAK (Figures 3.9 and 3.10). The contribution of ARs to 
rainfall exceeds that for snowfall along the ranges of the Coast, Columbia, and Rocky 
Mountains of BCSAK (Table 3.2). Moreover, the higher percentage of AR-related rainfall is 
skewed towards the lower elevation ranges of BCSAK whereas that of snowfall is skewed 
towards mid-to-high elevation ranges (Figures 3.11 and 3.12). During autumn, the 
contribution of ARs to snowfall reaches up to 29% but only at higher elevations of the Coast, 
Columbia, and Rocky Mountains and remains <5% for most of BCSAK, especially at lower 
elevations (Figure 3.10a). However, the spatial extent of the contribution of ARs to snowfall 
increases in winter, influencing most of BCSAK except lower elevation, coastal regions, and 
parts of northeastern BC. In contrast, the average contribution of ARs to rainfall reaches up 
to 100%, especially in winter, suggesting that ARs constitute the only synoptic-scale 
mechanism inducing rainfall in the Coast and Rocky Mountains and northwestern BC during 
this season (Figure 3.9a). This may lead to rain-on-snow events especially in winter and early 





A breakdown of the contribution of ARs to extreme precipitation into rainfall and 
snowfall also exhibits an elevational and seasonal dependency across BCSAK. During 
autumn, the contribution to extreme rainfall is greater than snowfall for most of BCSAK 
except at high elevations (Figures 3.9b and 3.10b). However, in winter the pattern changes 
with only coastal regions of BCSAK receiving extreme rainfall from ARs. For example, 
during autumn, ARs contribute on average 25% as extreme rainfall (up to 97% in 
southeastern AK and northern coastal BC, up to 70% in Vancouver Island and the Coast 
Mountains, ~65% along the Columbia and Rocky Mountains, ~50% along the coastal areas, 
and <5% in northeastern BC) but only 6% as extreme snowfall especially along the higher 
elevation grid cells (~55% above 2000 m in the Coast Mountains, ~60% above 1500 m in the 






Figure 3.9: Seasonal (autumn and winter) contribution of ARs to (a) rainfall (% of total 








Figure 3.10: Seasonal (autumn and winter) contribution of ARs to (a) snowfall (% of total 












Figure 3.11: Elevational distribution of the percentage of AR-related annual precipitation, 
rainfall, and snowfall at different elevation ranges (bin sizes of 100 m) of BCSAK during 








Figure 3.12: Same as in Figure 3.11 but for seasonal rainfall and snowfall. 
 
3.5.5  The inland influence of ARs on precipitation  
The contribution of ARs to annual and monthly precipitation decreases gradually 
moving inland in BCSAK, but with variations across seasons and elevations (Figure 3.13). 
Longitudinal profiles of the contribution of ARs to precipitation near the 50°N, 54°N, and 





average a ~20%-30% contribution to annual total precipitation for up to ~300 km inland from 
the coast along all three transects (Figure 3.13). However, the contribution decreases 
gradually to <20% near the 50°N and 54°N parallels and <10% near the 58°N parallels 
within a distance of ~500 km inland from the coast.  
ARs influence ~50%-75% of extreme annual precipitation within the first 300 km 
inland from the coast at all three transects with an abrupt decrease to <30% in the Interior 
Plateau. At lower latitudes (e.g., the 50°N transect), the contribution of ARs to extreme 
annual precipitation exceeds 70% along the South Coast followed by ~45% across the 
Columbia and Rocky Mountains (Figure 3.13). Unlike the lower latitude transects, the 
contribution to extreme precipitation along the 58°N transect decreases and remains ~10% 
once reaching the northern Rocky Mountains. The eastward shift in the maxima of extreme 
precipitation as one proceeds southward from 58°N is due to the geography of the Coast 
Mountains that acts as a barrier to further inland penetration of moisture carried by the ARs. 
The breaks in the Coast Mountains, presumably, cause a reduced magnitude of these 
gradients at 54°N. Moreover, an increase in AR-related precipitation maxima near the 50°N 
transect on the Interior Mountains is due to the orographic barriers that enhance the uplift of 







Figure 3.13: Profiles of the elevational dependence and the contribution of ARs to 
precipitation and its extremes inland along the transects near the 50°N, 54°N, and 58°N of 
BCSAK during 1979-2012. Curves denote three point running averages of a given quantity 






3.5.6  Temporal change in the contribution of ARs to precipitation 
With a 13% (spatial range <5%-33%) spatially-averaged contribution to annual total 
precipitation (>90% to extreme precipitation) across BCSAK (Table 3.1), ARs play a key 
role in replenishing freshwater resources of this region. As a result, it is important to 
investigate the temporal change in the contribution of ARs to precipitation and its extremes 
over time. Moreover, the patterns in the historical change signal how the contribution of ARs 
to precipitation may evolve in a future, warmer climate anticipated in this region. 
The zero-inflated beta regression model coefficients, especially the parameters   (the 
mean contribution) and ν (probability of observing zero AR contribution) provide changes on 
AR contributions to precipitation over time. The   parameter shows no change for most of 
BCSAK during 1979-2012, except for a small section of north-central BC where the 
contribution of ARs to precipitation is increasing annually, during autumn and summer 
(Figures 3.14 and 3.15). The parameter   (variance) indicates decreasing variability in the 
contribution of ARs to annual total precipitation, especially along the lower latitude regions 
of BCSAK. The widespread decrease in the ν parameter translates to an increase in the 
non-zero fractional contribution of ARs to total annual and seasonal (especially autumn and 
winter) precipitation across most of BCSAK during 1979-2012 (Figures 3.14 and 3.15). 
The contribution of ARs to extreme precipitation does not show widespread changes 
across BCSAK during 1979-2012 (Figures 3.16 and 3.17). Patches of significant decreases 
(p-value <0.05) occur along Haida Gwaii, northwestern BC and parts of southeastern BC; 





evaluation on the field significance across BCSAK shows no change over time in both the 
annual and seasonal contribution of ARs to extreme precipitation. 
 
 
Figure 3.14: Maps of BCSAK showing the temporal changes (directional) in the average 
annual contribution of ARs to precipitation given by the change on the parameters µ (mean 
AR contribution to precipitation), σ (variance in the contribution of ARs to precipitation), 
and ν (probability of observing zero contribution of ARs to precipitation) of the zero-inflated 







Figure 3.15: Maps of BCSAK showing the temporal change (directional) for the parameters 
µ (mean AR contribution to precipitation), σ (variance in the contribution of ARs to 
precipitation), and ν (probability of observing zero contribution of ARs to precipitation) of 






The temporal dependence of the contribution of ARs to snowfall shows a decreasing 
pattern, along the coastal mountainous region of BCSAK; however, the rate of decrease is 
not significant (p-value >0.05) for most of these grid cells (Figure 3.18). Although no 
significant changes in the contribution of ARs to extreme snowfall occurs for most of 
BCSAK, some higher elevation grid cells along the Coast Mountains show a significant 
decrease over the 1979-2012 period (Figure 3.19).  
 
 
Figure 3.16: The BCSAK 1979-2012 temporal change in the contribution of ARs to extreme 
precipitation, where black plus sign and circle indicate grids with significant (p-value <0.05) 






Figure 3.17: Temporal change (directional) on the contribution of ARs to extreme seasonal 







Figure 3.18: The BCSAK 1979-2012 temporal change in the contribution of ARs to 
snowfall, where black plus sign and circle indicate grids with significant (p-value <0.05) 






Figure 3.19: Temporal change (directional) on the contribution of ARs to extreme snowfall, 
1979-2012. 
 
3.5.7  Role of PDO and ENSO on the contribution of ARs to precipitation 
Most of BCSAK, especially the coastal region, experiences a higher percentage of 
AR-related winter precipitation during the warm phase of the PDO than the cool phase with a 
difference of up to 8% (spatial range: -4% to +8%) (Figure 3.20). The difference is relatively 
low (spatial range: -3% to +3%) for annual contribution with a slight increase during the 





Moreover, there exists a northward shift in the contribution of ARs to winter precipitation, 
with north-central BC experiencing greater contributions during the positive PDO phase 
while in southern BC larger amounts occur during the negative PDO phase.  
The distribution of the annual and winter season contribution of ARs to the 
precipitation shows a higher percentage of influence during the neutral phase of the ENSO 
followed by El Niño and La Niña phases, respectively (Figure 3.21). However, this 
distribution is not statistically significant (p-value >0.05).  
 
 
Figure 3.20: The difference in the percentage of the contribution of ARs to precipitation 







Figure 3.21: Box and whiskers plots showing the distribution of the contribution of ARs to 
precipitation during different phases of ENSO (El Niño 10 years, La Niña 6 years, and 
Neutral 18 years), 1979-2012 across BCSAK. The black horizontal lines indicate the median, 
the white dots show the mean, and the vertical black lines indicate the range of percentage of 







3.6  Discussion 
3.6.1  Comparison with other studies 
 To our knowledge, this study represents the first attempt to quantify AR impacts on 
precipitation amounts across BCSAK; therefore, results herein are compared with the 
bordering regions of the Pacific Northwest in the United States. Unlike the western United 
States and Europe where the contribution of ARs to precipitation attains a maximum 
(minimum) in winter (summer) (Lavers & Villarini, 2015a), BCSAK experiences the highest 
(lowest) contribution during autumn (spring).  
Utilizing gridded precipitation data for 1979-2012, Lavers and Villarini (2015a) 
define AR-related precipitation in each grid cell if its precipitation lies within a 1.5° 
Euclidian distance from an AR axis and report ~30% contribution of ARs to the average 
monthly precipitation along the coast of Washington and Oregon (WAOR). Results herein 
observed on the western arc of the Coast Mountains of BCSAK including Vancouver Island, 
Haida Gwaii, and southeastern AK (Figure 3.5a) are generally consistent with Lavers and 
Villarini (2015a). Discrepancies arise however in seasonal values; for example, ARs provide 
higher monthly contributions in coastal BCSAK (up to ~57% in September/October) 
compared to the coastal region of WAOR (up to ~40% in October/November). These 
variations arise likely due to the higher frequency of landfalling ARs in BCSAK compared to 
WAOR, especially during early autumn (Gershunov et al., 2017; Sharma & Déry, 2020b) 
and/or the difference in the definition of AR-related precipitation. The findings of this 
research are consistent with many recent studies that have analyzed the contribution of ARs 





where the impacts of ARs are known to be substantial (Dettinger et al., 2011; Guan et al., 
2010; Lavers & Villarini, 2013b, 2015a; Rutz & Steenburgh, 2012; Viale et al., 2018). A 
comparison of the contribution of ARs to monthly precipitation shows that coastal BCSAK 
experiences higher AR contribution in a single month (up to 55% in September) compared to 
the west coast of the United States (up to 40% in November) (Lavers & Villarini, 2015a). 
However, BCSAK receives less AR-related annual total precipitation than the amount 
observed in lower latitudinal regions of western North America (e.g., California; (Gershunov 
et al., 2017)), southern South America (Viale et al., 2018), and the Iberian Peninsula (Lavers 
& Villarini, 2015a).  
ARs act as a key, and in some cases, the only meteorological factor responsible for 
extreme precipitation in BCSAK with an annual contribution up to 97% (100% during 
autumn) in some coastal areas (Figure 3.7). Findings here generally agree with previous 
studies that report a substantial contribution of ARs to extreme precipitation along coastal 
basins globally. For example, Lamjiri, Dettinger, Ralph, and Guan (2017) report 60%-100% 
of the 1948-2002 extreme events, defined as storms with precipitation-total return intervals 
>2 years over the West Coast of the United States arise from ARs. In Western Europe, 
Lavers and Villarini (2013b), using annual maxima daily precipitation (similar to the 
approach used in this study) over 1979-2011, find up to 80% of the 10 largest daily rainfall 
events are associated with ARs. Azad and Sorteberg (2017) report 94% linkages between 
ARs and extreme daily precipitation events defined as precipitation >99.5% percentile in 
coastal Norway, and Viale et al. (2018) show 50%-70% of the most intense rainy days are 





aforementioned studies and confirm ARs act as key causative factor for extreme precipitation 
along coastal basins globally including BCSAK.  
3.6.2  AR-related precipitation during the PDO and ENSO 
Previous studies report higher amounts of precipitation across BCSAK during the 
cool (negative) phase of the PDO and the La Niña phase of the ENSO (Fleming & Whitfield, 
2010; Shabbar, Bonsal, & Khandekar, 1997). Higher AR-related precipitation is observed in 
BCSAK during the same phases of the PDO and ENSO when more ARs make landfall 
(Sharma & Déry, 2020b). Dettinger (2004) and Spry et al. (2014) report similar findings as 
that of this study when they evaluated the amount of precipitation associated with Pineapple 
Expresses during the phases of the PDO and ENSO for the western United States and the 
lower mainland of BC, respectively. Moreover, Dettinger et al. (2011) observed >50% 
positive correlation between AR-related precipitation and the positive phase of the PDO 
along western Washington; the correlation was positive but weaker with the Nino3.4 index in 
the same region. The southward displacement of the climatological Aleutian Low pressure 
pattern during the neutral phase of ENSO and positive phase of the PDO provides the 
westerlies greater access to warm tropical moisture (Dettinger et al., 2011; Mantua, Hare, 
Zhang, Wallace, & Francis, 1997; Spry et al., 2014) and thus leading to greater amounts of 
precipitation. Precipitation amounts during AR-days are greater relative to other (non-AR) 
precipitation days (Dettinger, 2004; Guan et al., 2010), leading to substantially higher 
precipitation even with a small increase in AR frequency. Of note, ocean-atmosphere 





following some lag and may not directly influence extreme precipitation events of shorter 
duration associated with ARs (Fleming & Whitfield, 2010; Spry et al., 2014). 
3.6.3  Changes in AR contribution over time and future projections 
The decrease in the parameter ν (non-zero probability of the contribution of ARs to 
precipitation) arises likely due to an increase in the frequency of landfalling ARs along 
coastal BCSAK during 1979-2016 (Sharma & Déry, 2020b) and is linked to AR variations 
caused by the northward shift of Pacific storm tracks (Chang & Yau, 2016; Salathé, 2006), 
and/or changes in atmospheric moisture content (Santer et al., 2007; Sharma & Déry, 2020b; 
Wentz, Ricciardulli, Hilburn, & Mears, 2007). Although a significant decrease occurs in 
parameter ν (probability of observing zero contribution of ARs to precipitation), parameter   
(mean AR contribution to precipitation) does not exhibit such an increase for most of 
BCSAK perhaps due to an overall increase in the total precipitation, including the 
precipitation associated with convective activity in response to an increase in surface air 
temperatures (Berg, Moseley, & Haerter, 2013; Vincent et al., 2015; Wentz et al., 2007; 
Zhang, Vincent, Hogg, & Niitsoo, 2000). Moreover, rises in the surface air temperature, 
especially in recent decades, lead to increases in atmospheric water vapor content in-line with 
the Clausius-Clapeyron equation (Dessler et al., 2008; Tsonis, 2013). This causes the IVT to 
be higher, inducing more frequent exceedances of its threshold of 250 kg m-1 s-1 to define the 
AR-related precipitation. In turn, this leads to increases in the non-zero probability of the 
contribution of ARs to precipitation. The patterns observed in the changes on the historical 
contribution of ARs to precipitation align with the model-based future projections. For 





frequency of ARs along the North American west coast and BCSAK by 2100 and 
2070-2100, respectively. This will lead to an increase in the number of days with AR-related 
precipitation; a pattern also observed in the historical contribution as shown by changes in 
parameter ν (non-zero probability of the contribution of ARs to precipitation). 
The decrease in the contribution of ARs to snowfall and its extremes observed in 
some of the higher elevation grid cells along the coastal mountainous region of BCSAK is 
likely associated with warming trends of landfalling ARs in recent decades. Gonzales et al. 
(2019) find that the cold-season ARs landfalling along the west coast of the United States 
have warmed (range of warming 0.69°C to 1.65°C) during 1980-2016 owing to the combined 
influence of regional and oceanic warming. Similar signals of warmer ARs occurring in 
northern latitudes are likely resulting in a decrease in the contribution of ARs to snowfall 
along the mountainous regions of BCSAK (Sharma & Déry, 2020b). The decreasing pattern 
of the contribution of ARs to snowfall has important consequences on water storage and river 
runoff of BCSAK. 
3.6.4  Study limitations and uncertainties 
 Results on the AR contribution to precipitation and its extremes are susceptible to 
four primary sources of uncertainty: (i) the biases of the PNWNAmet gridded precipitation 
data as discussed in subsection 3.4.1.1 , (ii) the AR detection algorithm and resolution of the 
reanalysis data, (iii) the IVT threshold (≥250 kg m-1 s-1) that characterizes ARs, and (iv) the 
methodological limitation associated with the block maxima approach, which is restricted by 





 Differences in AR-detection algorithms, reanalysis data assimilation, and their 
resolution create disparate AR chronologies and IVT fields (Rutz et al., 2019). Therefore, we 
perform a sensitivity analysis to explore differences in AR-related precipitation between the 
relatively coarse resolution (2.5° × 2.5°) NCEP/NCAR-based IVT fields used in this study 
and the relatively high-resolution (0.625° longitude × 0.5° latitude) IVT fields calculated 
using specific humidity and wind fields from Modern-Era Retrospective Analysis for 
Research and Applications (MERRA2; Gelaro et al., 2017) data. The spatially averaged 
annual AR contribution to precipitation is nearly identical between MERRA2 (12.1±10%) 
and NCEP/NCAR (12.7±8%); however the contribution of ARs to extreme precipitation is 
slightly higher in the NCEP/NCAR (35±26 %) than the MERRA2 (32±28 %) across 
BCSAK, 1982-2012. The slightly higher spatially averaged mean from NCEP/NCAR 
compared to MERRA2 is perhaps due to the topographic complexities in BCSAK. The 
percentage of AR-contribution from low-resolution NCEP/NCAR data is smoother across 
larger areas of BCSAK than MERRA2, a feature that is also illustrated by a wider range of 
contribution percentage from MERRA2 (0%-40%) than NCEP/NCAR (1%-32%) (Figure 
3.22). Furthermore, the spatial distribution of average contribution of ARs to precipitation 
based on MERRA2 IVT exceeds that of NCEP/NCAR along the coastal regions of BCSAK. 
However, the MERRA2 results show lower AR contributions in the interior mountainous 
regions (e.g., along the Rocky and Columbia Mountains) (Figure 3.23). Apart from 
NCEP/NCAR and MERRA2 comparisons, an expansion of our analyses with multiple 
reanalyses and climate model simulations would improve the robustness of the results. 
 The use of a fixed higher (lower) IVT threshold may decrease (increase) the AR 





precipitation across BCSAK is 11±8% when considering an IVT threshold of ≥350 kg m-1 s-
1 whereas that with IVT threshold of ≥250 kg m-1 s-1 is 13±7% indicating a relatively minor 
difference in the AR contribution with the change in IVT of 100 kg m-1 s-1. Moreover, grid 
cell precipitation matching the IVT threshold was considered as AR-related; however 
precipitation (if any) in adjacent grid cells that does not satisfy the IVT threshold was not 
considered as AR-related. Besides, the generalization of this study’s results on the 
contribution of ARs to extreme precipitation represents only a subset of these events (34 
annual and 4 × 34 seasonal; obtained through an implementation of the block maxima 
approach (see Section 3.4.2.1 )) and does not include linkages between all extreme 
precipitation events and ARs across BCSAK. Despite these limitations and uncertainties, this 
effort provides much needed quantitative results on the contribution of ARs to rainfall, 
snowfall and their extremes over an area that is otherwise poorly studied while providing 






Figure 3.22: The sensitivity of AR-related precipitation to the resolution of the IVT fields of 
the MERRA2 (resolution 0.625° × 0.5°) and NCEP/NCAR (resolution 2.5° × 2.5°) reanalysis 
as shown by the distribution of the percentage of AR contribution to (a) annual and (b) 
extreme precipitation across BCSAK, 1982-2012. White dots show the spatially averaged 
contribution percentage, black horizontal solid lines denote medians, vertical lines show the 
range in the contribution percentage. Note that for both the annual and extreme AR-related 
precipitation percentage across BCSAK, MERRA2 shows a slightly lower mean, median, 
and higher spatial variability compared to NCEP/NCAR. The scales of the y-axes are 






Figure 3.23: The difference in the 31-year (1982-2012) average percentage of the 
contribution of ARs to annual total precipitation between the MERRA2 (resolution 0.625° × 
0.5°) and NCEP/NCAR (resolution 2.5° × 2.5°) reanalysis across BCSAK. 
 
 An expansion of our analyses with multiple reanalyses and climate model simulations 
would improve the robustness of the results. Similarly, the use of a fixed IVT threshold on 
AR-days may reduce the count of the fraction of AR-related precipitation on the adjacent 
grid cells that do not meet the IVT threshold. The generalization of the results in this study 
on the contribution of ARs to extreme precipitation represents only a subset of these events 
(34 annual and 4 × 34 seasonal) and does not include linkages between all extreme 





effort provides much needed quantitative results on the contribution of ARs to rainfall, 
snowfall and their extremes over an area that is otherwise poorly studied while providing 
direction for future work. 
3.7  Conclusions 
The objective of this study was to quantify the contribution of ARs to precipitation 
(including its partitioning into rainfall and snowfall) and its extremes across BCSAK during 
1979-2012. Using a newly developed, high-resolution gridded precipitation dataset, and the 
NCEP/NCAR reanalysis-based AR catalog and IVT, we assessed the percentage of annual, 
seasonal, and extreme precipitation associated with ARs in BCSAK, parts of which are some 
of the wettest locations on Earth. Results suggest that ARs play a key role in the transport of 
(sub-)tropical moisture from the Pacific Ocean to BCSAK and often acting as a causative 
factor for extreme precipitation events, particularly along coastal and mountainous regions. 
The contribution of ARs to average annual total precipitation ranges from >33% 
along the coastal region of BCSAK to <5% in northeastern BC. Strong seasonality exists in 
the average AR contribution to precipitation with the highest amount during autumn (~21%), 
and the lowest in spring (~3%). The contribution of ARs to precipitation decreases rapidly 
from the coastal region of BCSAK to the lee of the Coast Mountains, and then more 
gradually across the Interior Plateau. ARs act as the main synoptic-scale mechanism that 
leads to rainfall in the Rocky and Columbia Mountains in winter, perhaps leading to rain-on-
snow events in winter and early spring. An examination of the temporal change of AR 
contribution to precipitation using a zero-inflated beta regression model reveals an increase 





during 1979-2012. In BCSAK, ARs act as a substantial causative factor for extreme 
precipitation, with >90% contribution, especially across mountainous regions likely due to 
orographically enhanced precipitation. The contribution of ARs to precipitation depends on 
the frequency of landfalling ARs and orographic characteristics; therefore, factors that impact 
landfalling AR frequency also affect the contribution of ARs to precipitation in BCSAK. 
Results herein reinforce the key role ARs play in transporting water vapor to northern 
mid-latitude regions of western North America from the (sub-)tropical basins of the Pacific 
Ocean. In addition, it augments knowledge on AR-associated precipitation that influences 
rainfall, snowfall, and hence snowpack and glacier processes, which largely govern the 
hydro-climatology of this region. Future work will focus on investigations of river discharge 
and the hydrological response to ARs across BCSAK, and an examination of how ARs 
modulate mountain snowpacks in this region. This work provides quantitative evidence that 
ARs constitute a critical role in the precipitation of BCSAK. An improved ability to quantify 
precipitation in BCSAK has broader implications on community water supply and 







CHAPTER 4: LINKING ATMOSPHERIC RIVERS TO ANNUAL AND 
EXTREME RIVER RUNOFF IN BRITISH COLUMBIA AND SOUTHEASTERN 
ALASKA 
Publication details: 
This chapter is under review in the Journal of Hydrometeorology. 
4.1  Abstract 
 This study quantifies the contribution of atmospheric rivers (ARs) to annual and 
extreme river runoff and evaluates the relationships between watershed characteristics and 
AR related maximum river runoff across British Columbia and southeastern Alaska 
(BCSAK). Datasets used include gauged runoff from 168 unregulated watersheds, 
topographic characteristics of those watersheds, a regional AR catalog, and integrated vapor 
transport fields for water years (WYs) 1979 to 2016.  
 ARs contribute ~22% of annual river runoff along the Coast and Insular Mountains 
watersheds; which decreases inland to ~11% in the watersheds of the Interior Mountains and 
Plateau. Average association between ARs and annual maximum river runoff attains >80%, 
>50%, and <50% along the watersheds of the western flanks of the Coast Mountains, the 
Interior Mountains and Plateau, respectively. There is no significant change in AR-related 
extreme annual maximum runoff across BCSAK during 1979-2016. AR conditions occur 
during 25 out of 32 of the flood-related natural disasters in BC during WYs 1979-2016. AR-
related annual maximum runoff magnitude is significantly higher than non-AR-related 
annual maximum runoff for 30% of the watersheds studied. Smaller and steeper watersheds 





inland counterparts. These results illustrate the importance of AR activity as a major control 
for the distribution of peak runoff in BCSAK. This work provides insights on the 
hydrological response of watersheds of northwestern North America to landfalling ARs that 





4.2  Introduction 
British Columbia (BC), Canada and southeastern Alaska (SAK), the United 
States (BCSAK) is affected by the prevailing westerlies commonly observed in the 
northern mid-latitudes (Hare 1998; Stahl et al. 2006). BCSAK experiences extreme 
runoff through different flood generating mechanisms such as rapid spring snowmelt, 
rainstorms, rain-on-snow (ROS) events, and occasional ice jams (Buttle et al., 2016; 
Melone, 1985; Zahmatkesh, Jha, Coulibaly, & Stadnyk, 2019). Moreover, the 
complex topography and sharp elevational gradients within the watersheds influence 
local precipitation and runoff processes across this region (Jarosch, Anslow, & 
Clarke, 2012; O’Neel et al., 2015; Reynoldson et al., 2005; Richardson & Milner, 
2005). 
The warm, moist air masses that result in heavy precipitation and floods in 
BCSAK are often associated with mid-latitude horizontal water vapor transport 
through elongated moisture plumes emanating from the North Pacific Ocean called 
Atmospheric Rivers (ARs), also dubbed Pineapple Expresses (Lackmann & Gyakum, 
1999; Lavers et al., 2011; Mo et al., 2019; Ralph et al., 2006; Roberge et al., 2009; 
Sharma & Déry, 2020b; Zhu & Newell, 1994). Generally located within the warm 
sector of extratropical cyclones and concentrated in the lower troposphere, ARs form 
long and narrow bands of moisture inducing abundant precipitation in coastal basins 
(Bao et al., 2006; Ralph & Dettinger, 2011; Ralph et al., 2017). ARs act as a key 
synoptic-scale mechanism that replenishes water resources while occasionally 
causing extreme runoff along western North America (e.g., Barth et al., 2016; Konrad 





AR intersects with the mountainous terrain of BCSAK, it produces heavy orographic 
precipitation resulting from forced uplift (Jarosch et al., 2012; Smith, Yuter, Neiman, 
& Kingsmill, 2009). The orographic precipitation often occurs as rain at lower elevations and 
snow at higher elevations. On occasion, this precipitation can induce peak flows even greater 
than during the spring snowmelt-driven freshet (ECCC, 2019).  
Previous studies along the Pacific Northwest and lower latitudes of coastal BC have 
observed AR attributes in atmospheric circulations such as narrow plumes of vertically 
integrated vapor and warm and moist southwesterly airflow during or before flooding events 
(e.g., Dettinger, Ralph, Das, Neiman, & Cayan, 2011; Lackmann & Gyakum, 1999; Melone, 
1985; Spry, Kohfeld, Allen, Dunkley, & Lertzman, 2014). For example, an intense AR 
impacted the Bella Coola region of BC on 25 September 2010 causing catastrophic flooding 
(PCIC, 2013; PSC, 2019). Similarly, an intense AR event along the Sea-to-Sky highway of 
BC in October 2003 triggered major flooding throughout the Squamish and Pemberton 
region of BC claiming the lives of two people and causing ~90 million dollars (CAD) in 
damages (PSC, 2019). As such, it is crucial to understand the linkages between ARs and 
extreme runoff, historical changes in AR-related flooding, and anticipate changes in future 
water availability and hydrological extremes associated with ARs in BCSAK.  
While there is an emerging literature investigating the linkages between ARs and 
peak runoff (Curry et al., 2019; Demaria et al., 2017; Dettinger et al., 2011; Kingston et al., 
2016; Konrad & Dettinger, 2017; Lavers et al., 2013, 2011; Lavers & Villarini, 2013a; Ralph 
et al., 2006), there has not been any targeted research on linkages between ARs, runoff and 
its extremes across BCSAK except Curry et al. (2019). Curry et al. (2019) investigated the 





analyzed in this study, under the Representative Concentration Pathway (RCP) 8.5 
scenario. BCSAK experiences a range of different hydrological regimes (e.g., pluvial, 
nival, glacial, and their hybrids; Burn, Sharif, & Zhang, 2010; Déry et al., 2009) and 
provides an opportunity to better understand responses to ARs and extreme runoff 
across these regimes. In this context, this work investigates linkages between ARs 
and the observed annual extreme runoff across BCSAK. Specifically, this research 
addresses the following questions: (i) how much do landfalling ARs contribute to 
water year (WYs) runoff across BCSAK? (ii) what is the association between 
landfalling ARs and maximum runoff across BCSAK for WYs 1979-2016?, (iii) how 
do AR-related maximum runoff magnitudes differ from non-AR-related maximum 
runoff magnitudes across BCSAK? and (iv) how does the extreme hydrological 
response of a watershed to ARs differ with watershed characteristics in BCSAK? 
4.3  Study Area 
For this study, we consider 168 watersheds in BCSAK along the Pacific Coast 
of northwestern North America (Figure 4.1). The study area comprises coastal 
regions, mountainous terrain (e.g., the Rocky Mountains in the east, the Columbia 
Mountains in the Interior, the Coast and Insular Mountains in the west, and the Saint 
Elias Mountains in the north), the Interior Plateau, and the northeastern Plains 
(Hernández-Henríquez et al., 2017; Holland, 1976; Richardson & Milner, 2005). The 
major watershed characteristics include glacierized mountains, transitional tundra 
landscapes, and decreasing vegetation coverage with increasing elevations 





westerlies and enhanced through localized orography, the western arc of the coastal 
mountains of BCSAK receives more precipitation than the drier interior plateau 
region (Moore et al., 2010). The mountainous regions of BCSAK form headwaters for many 
of the major river basins of western Canada that drain to the Pacific Ocean (Columbia, 
Fraser, Nass, Skeena, and Stikine Rivers), Hudson Bay (North and South Saskatchewan 
Rivers), Bering Strait (Yukon River), and Arctic Ocean (Mackenzie River) (Benke & 
Cushing, 2005; Richardson & Milner, 2005) (Figure 4.1). Runoff characteristics vary with 
location and season; coastal regions experience mostly rain-fed runoff whereas watersheds in 
the Interior Plateau and the Rocky and Columbia Mountains (hereafter Interior Mountains) 







Figure 4.1: Map of BCSAK showing the location of the hydrometric stations used in this 
analysis. The station numbers on the map refer to the stations’ ID as listed in Appendix B. 
The inset map (bottom) shows the extent of the main figure and the elevation distribution 
across BCSAK. The histogram above the inset map shows the distribution of average 






4.4  Data and Methods 
4.4.1  Data 
4.4.1.1 Streamflow and watershed characteristics 
We use observed daily streamflow data from 168 hydrometric stations selected across 
BCSAK sourced from the Hydrometric Database (HYDAT) of the Water Survey of Canada 
(WSC) for BC, and the United States Geological Survey (USGS) database for southeastern 
AK. Stations are chosen following three criteria: (i) the station represents a river/stream with 
unregulated flow, (ii) data are available for WYs 1979-2016, and (iii) the station represents 
an upstream gauged area ≥10 km2. The mean daily flow over the period of record in-fills any 
data gaps at a given hydrometric station. Some of the daily discharge data may be subject to 
errors associated with collection issues, as discussed in-depth in Déry, Stadnyk, MacDonald, 
and Gauli-Sharma (2016). Seventy-two out of 168 watersheds are nested within the larger 
watersheds and represent 22% of the total watershed area analyzed in this study (Appendix 
B). A period from 1 October to 30 September of the following calendar year defines a WY; 
we perform analyses for WYs 1979-2016, i.e., 1 October 1978 to 30 September 2016. We 
choose the period of WYs 1979-2016 since it has a maximum number of hydrometric 
stations with daily data. Similarly, a high-quality AR chronology and integrated vapor 
transport (IVT) fields exist starting in1979 due to the ingestion of modern satellite weather 
data in the National Centers for Environmental Prediction/National Center for Atmospheric 
Research (NCEP/NCAR) reanalysis datasets (Kalnay et al., 1996). Of note, AR related runoff 
analysis associated with precipitation covers only 1979-2012 due to the availability of the 





 For each watershed, the hydrometric station metadata from the WSC and USGS 
provide the station’s coordinates, basin area, mean basin elevation, and percentage of 
glacierized area within the watershed. Similarly, the WSC geodatabase provides shapefiles of 
the upstream gauged area; however, the shapefiles are available for only 142 watersheds. For 
the remaining 26 watersheds, we delineate the watershed boundaries and develop the 
upstream gauged shapefile using the Shuttle Radar Topography Mission (SRTM) 90 m 
digital elevation model (DEM) (Jarvis, Reuter, Nelson, & Guevara, 2008) after performing 
hydrological corrections on it. Additionally, we calculate the slope and aspect of the 
watersheds and fill the missing gaps on average basin elevation and area using the SRTM 







measure the rate of change of the surface in the horizontal and vertical directions, 
respectively, from that grid cell (Burrough & McDonnell, 1998). Averaging of the slope and 
aspect of all grid cells within a given watershed provides the watershed slope and aspect. The 
aspect ranges from 0° to 360° and calculated with the convention that 0°, 90°, 180°, and 270° 
faces north, east, south, and west, respectively. 
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Averaging of the slope and circular averaging of the aspect of all grid cells within a given 





plays a key role in determining the variations in surface hydrology, particularly in the pluvial 
watersheds, by impacting the time between precipitation and maximum discharge within the 
watershed (Viessman & Lewis, 2003). For those selected watersheds, the upstream gauged 
area ranges from 16 km2 to 1.04 × 105 km2, average watershed elevation varies from 24 m to 
2,124 m, and the slope ranges from 1° to 30° (Appendix B).  
4.4.1.2 Atmospheric rivers data 
We use the AR chronology and six-hourly IVT fields for WYs 1979-2016 from a 
regional AR catalog published by the Scripps Institution of Oceanography (SIO-R1-AR 
Catalog), available through http://cw3e.ucsd.edu/Publications/SIO-R1-Catalog/ (accessed 13 
February 2018) (Gershunov et al., 2017). The SIO-R1-AR Catalog derives the AR 
chronology and the IVT fields using six-hourly specific humidity and wind fields at 2.5° × 
2.5° spatial resolution from the NCEP/NCAR reanalysis dataset (Kalnay et al., 1996). In this 
AR catalog, Gershunov et al. (2017) identify an AR as a contiguous region of moisture flux 
that crosses the coastline and extends >1500 km in length with an IVT threshold >250 kg m-1 
s-1. They validate the SIO-R1-AR Catalog against the AR catalog derived from data recorded 
by the Special Sensor Microwave Imager (SSM/I) by Neiman et al. (2008). The SIO-R1-AR 
Catalog has a higher temporal resolution (six-hourly) and is developed explicitly for western 
North America (20°N-60°N); therefore, it is appropriate for this type of regional analysis 





4.4.2  Methods 
4.4.2.1 Annual and extreme runoff  
 A normalization of the daily discharge value (m3 s-1) by the watershed area gives 
daily areal runoff (mm day-1); daily runoff values are in a similar range between watersheds 
of different sizes. Summation of the daily runoff values during each WY provides annual 
runoff for each watershed. Implementation of the block maxima approach of the extreme 
value theory (Coles, 2001) for WYs 1979-2016 provides the annual and seasonal maxima 
runoff of each watershed. The block is defined by dividing the observation period, i.e., WYs 
1979-2016 into non-overlapping periods of equal size (years and seasons). Then the 
maximum value in each block generates a series of annual and seasonal maximum runoff. 
This approach minimizes the serial dependence, covers a longer temporal range, and is 
widely used for extreme runoff analysis (Coles, 2001; Katz, Parlange, & Naveau, 2002; 
Lavers & Villarini, 2013a; Rood, Foster, Hillman, Luek, & Zanewich, 2016). Implementation 
of the block maxima procedure in this analysis generates a series of annual maxima (AM) 
and four seasonal (Winter: December-February; Spring: March-May; Summer: June-August; 
and Autumn: September-November) maxima runoff for each watershed (e.g., Figure 4.2). 
 A computation of daily mean runoff, maximum runoff, and average total annual 
runoff gives the general climatology of the watersheds. The month and day of maximum 
runoff averaged over the study period provide a typical hydrological regime (Burn, 
Whitfield, & Sharif, 2016; Déry et al., 2009). Additionally, detailed investigations on three 
watersheds representing different hydrological regimes, namely pluvial (San Juan River, 





River, Station ID: 08MG005; Figure 4.1) (Déry et al., 2009), help to further explore the 







Figure 4.2: Time series of annual and seasonal maxima runoff for selected three watersheds 
representing different hydrological regimes across BCSAK (Figure 4.1), WYs 1979-2016. 
The black dots indicate the AR-related maximum runoff values. 
 





4.4.2.2 AR contribution to annual runoff 
 To calculate AR-related WY runoff in each watershed, we implement an empirical 
equation that is based on each WY’s water budget within a watershed. As a first order 
estimate, we quantified the contribution of ARs to total WY runoff as equating the 
contribution of ARs to total WY precipitation. Use of the recently developed, high-resolution 
Pacific Climate Impacts Consortium meteorology for northwestern North America 
(PNWNAmet) gridded precipitation data available up to 31 December 2012 (Werner et al., 
2019) provides the proportion of AR-related and non-AR-related precipitation in each 
watershed for WYs 1979-2012 as in equations (4.3) and (4.4). A division of the total AR-
day’s precipitation in a WY by the total precipitation within that WY provides the fraction of 
AR-related precipitation in each grid cell across BCSAK (see Sharma & Déry (2020a) for 
details on the contribution of ARs to precipitation). 
    +      =                                      (4.3) 
  +   = 1                                                 (4.4) 
where     ,    , and      are the total, total AR-related, and total non-AR-related 















  in equation (4.5) with the total WY runoff (    ) gives the proportion of AR-
related annual runoff for each watershed in BCSAK during WYs 1979-2012. 
    +      =                               (4.5) 





 Of note, this method provides only a first order estimate of the contribution of ARs to 
annual WY runoff across the watersheds of BCSAK with different hydrological regimes. It 
assumes that the ARs may bring precipitation as snow and/or rain or a mixture of both, 
however the contribution of ARs to runoff would be proportional to the total precipitation 
over the period of each WY, thus yielding the coefficients   and  . These coefficients, in 
turn, are used to calculate AR-related runoff for each WY with assumptions that no changes 
occur in the total water storage within the watershed and the ratio of AR-related to total WY 






. Moreover, further analysis on how 
AR contribution to runoff using equation (3) compares with a directly calculated (percentage 
of total AR-days runoff divided by total WY’s runoff) AR contribution percentage for the 
pluvial San Juan River shows a good agreement between the first order estimate (mean 
26±6%) and a direct calculation (mean 25±8%) (Figure 4.3a). Similarly, the difference in 






 is minimal (average 0.04) for the 
pluvial San Juan River with slightly higher 
   
    
 for most of the 1979-2012 WYs. The slightly 
higher ratio is likely due to relatively more runoff induced from intense rainfall associated 






Figure 4.3: (a) Distribution of the percentage of AR contribution to annual WY runoff in the 





precipitation within the watershed and a direct calculation of the percentage of AR-related 
runoff, WYs 1979 2012. White dots show the average contribution percentage, black 
horizontal solid lines denote medians, vertical lines show the range in the contribution 
percentage excluding outliers, and black dots show outliers defined as values >1.5 times the 
interquartile range of the corresponding AR contribution percentage. Of note, direct 
calculation of the AR-related runoff is only valid for pluvial watersheds because of the lag 
between AR-related precipitation falling as snow and runoff in the nival, glacial, and the 
hybrid watersheds. (b) Difference between the ratio of AR-related to total WY runoff and the 
ratio of AR-related to total WY precipitation in the pluvial San Juan River, WYs 1979-2012. 
  
4.4.2.3 AR association to extreme runoff 
To associate an AR with maximum runoff, we first identify the dates of extreme 
annual (or seasonal) runoff occurrence for each watershed then cross-reference whether the 
IVT field in that watershed exceeds the threshold of 250 kg m-1 s-1 within the maximum 
runoff day or six days prior to that day. The maximum runoff is AR-related if there is 
presence of a landfalling AR within at least one of those seven days and the IVT field within 
a watershed exceeds the threshold value. The maximum runoff duration of a watershed 
depends on precipitation characteristics and basin properties (Viessman & Lewis, 2003). The 
use of maximum runoff day and previous six days in this study accounts for the maximum 
duration of the runoff even in the larger watersheds of BC (e.g., Fraser River Basin) (Curry et 
al., 2019; Lavers & Villarini, 2013a). The percentage of the number of AR-related maximum 
runoff days out of total number of maximum runoff days in each watershed provides the 
linkages between ARs and maximum runoff. The landfall of an AR indicates the occurrence 
of AR-related precipitation in the region whereas the IVT >250 kg m-1 s-1 within a watershed 





kg m-1 s-1 is a widely used threshold to separate the AR attributes from contiguous grid cells 
(Gershunov et al., 2017; Moore, Neiman, Ralph, & Barthold, 2012; Rutz et al., 2014).  
Of note, the AR-related precipitation may occur as snow leading to a lag between the 
precipitation and the extreme runoff. Therefore, we further establish direct linkages (in 
percentages) between AR-related extreme precipitation and runoff for WYs 1979-2012. To 
establish such links, we followed the steps as mentioned above but only for the maximum 
precipitation days in each watershed as described in Sharma & Déry (2020a). The 
Spearman’s rank correlation coefficient ( ) (statistically significant when probability value 
(p-value) <0.05) shows a relation between AR-related maximum runoff and watershed 
characteristics. Finally, a division of BCSAK into four main hydro-zones: Coastal (including 
southeastern AK), Southern Interior, the Interior Mountains, and Northern Interior and Plains 
(Figure 4.1 and Appendix B) yields regional patterns of the role of major topographic 
features on AR-related maximum runoff. 
4.4.2.4 AR-related versus non-AR-related extreme runoff 
Distribution plots and the Mann-Whitney-Wilcoxon (MWW) test (Hollander et al., 
2014) compare the AR-related extreme runoff with non-AR-related extreme runoff during 
WYs 1976-2016. The MWW is a non-parametric statistical test to analyze whether the 
number and magnitude of AR-related maximum runoff are significantly greater than non-
AR-related maximum runoff. 
To test the significance of individual stations at the regional level, we further perform 
field significance testing following the procedure from Wilks (2011, 2016) that minimizes 





1,2, … ,   that satisfy  ( ) ≤  ( ) ≤ ⋯ ≤  ( ) with   being most significant of all the stations 
and    least significant, then the results are considered as field significant if the 
corresponding p-value is no higher than      in equation (4.4) (Wilks, 2011). 
     = max
   , ,…, 
   :    ≤  
 
 
                                                           (4.6) 
where         is the chosen control level for the FDR, i.e., 0.05 in this case. 
 
4.5  Results  
4.5.1  Runoff climatology  
Rivers from the coastal region (Vancouver Island, Haida Gwaii, and southeastern AK), 
those draining westward from the Coast Mountains, and the Interior Mountains exhibit 
higher daily mean (>5 mm day-1) and maximum (~50 mm day-1) runoff compared to the 
rivers of the Interior Plateau and northeastern Plains (mean <2 mm day-1, maximum <20 mm 
day-1) of BCSAK (Figures 4.4a-b). This variation suggests, in part, an important role of 
orography and proximity to the Pacific Ocean in determining mean and maximum runoff 
across this region. Areas of higher daily mean and maximum runoff correspond to the 
abundant precipitation that occurs in those regions of BCSAK (Melone, 1985). For example, 
some of the highest daily runoff values occur along the panhandle region of AK and 
Vancouver Island, receiving on average ≥10 mm day-1 (maximum ≥200 mm day-1) of 
precipitation. Daily mean precipitation along the Interior Mountains reaches ~7 mm day-1 
(maximum ~100 mm day-1) whereas that in the Interior Plateau and across the northeastern 





runoff values (Figures 4.4a-b). The peak runoff occurs during autumn and/or winter months 
along the coastal watersheds; however, there exists a greater irregularity on the day of 
maximum runoff (Figure 4.4d). The majority of watersheds in the Interior Plateau and 
Mountains exhibit maximum runoff during late spring and summer, mainly due to snow and 
glacier melting (Figures 4.4c-d).  
 Rivers located along the coastal regions and on the western flanks of the Coast 
Mountains exhibit higher mean annual runoff (mean 1778 mm year-1, maximum >5000 mm 
year-1) compared to Interior Mountains (mean 926 mm year-1, maximum >2100 mm year-1) 








Figure 4.4: Climatology and hydrological regimes of the watersheds in BCSAK. (a) Mean 
and (b) maximum daily runoff (mm day-1) of the selected watersheds across BCSAK, WYs 
1979-2016. (c) A polar plot showing the location of the average maximum runoff day in 
seasonality space. Dispersion of the points from the center indicates regularity of runoff 
timing; 1 being the most regular. Consult Burn et al. (2010) for the details on directional 
statistics of maximum runoff day. (d) Average hydrological regimes of each of the 






Figure 4.5: Mean annual runoff (×103 mm year-1) at 168 hydrometric stations across 
BCSAK, WYs 1979-2012. 
 
4.5.2  Atmospheric rivers, annual, and extreme runoff 
4.5.2.1 AR contribution to annual runoff 
 A distinct spatial variation in the percentage of the contribution of ARs to annual 
runoff during WYs 1979-2012 arises across BCSAK (Figure 4.6). ARs contribute, on 
average, 14%±6% (spatial range: 2%-29%) of the total annual runoff across BCSAK with a 





watersheds of the Interior Plateau and northeastern Plains of BC. The percentage of the total 
annual runoff associated with ARs reaches 22±4% (spatial range: 10%-29%), 11±1% 
(spatial range: 8%-13%), and 11±6% (spatial range: 2%-21%) along the Coast, Interior 
Mountains, and Interior Plateau watersheds, respectively during WYs 1979-2012. 
Moreover, substantial inter-annual variability exists in the contribution of ARs to annual 
runoff. For example, the contribution of ARs to annual runoff in some of the coastal 
watersheds reaches 44% during WY 2005 whereas it reaches only ~20% during WY 1995 in 






Figure 4.6: (a) The contribution of ARs to annual runoff (%) and (b) standard deviation (SD) 





4.5.2.2 ARs and annual maxima (AM) runoff across BCSAK 
 A total of 1384 ARs (most in autumn (522) and least in spring (207)) made landfall in 
BCSAK, with an average duration of 2±1.8 days, during WYs 1979-2016; 726 (>52%) of 
these ARs were linked to extreme runoff. The variations in the percentage of AR-related 
AM runoff across BCSAK reveal the influence of the proximity of the watersheds to the 
Pacific Coast and time of year. The average percentage of AR-related AM runoff from all 
the stations is 48±24% (median 42%) and spatially ranges from ~10% to 100%. Out of 168 
watersheds, 25 show ≥80% AR-related AM, 38 report ≥50% AR-related AM whereas only 
13 show ≤20% AR-related AM (Figure 4.7a). Higher AR-related AM runoff on the western 
side of the Coast Mountains exists compared to runoff from the eastern side. Watersheds 
draining the Coast and Insular Mountains show >80% linkages between ARs and AM runoff 
(Figure 4.7a) suggesting that ARs act as the primary synoptic-scale mechanism leading to 
AM runoff. Further inland from the Pacific Coast, AR-related AM runoff decreases to only 
~25% in the Interior Plateau; however, this rises again to >60% in the watersheds of the 
Interior Mountains. 
 On average, ARs that produce extreme runoff in BCSAK are 14 hours longer 
(average duration 48±5 hours) than those not related to extreme runoff (average duration 
34±4 hours). ARs that lead to extreme runoff in BCSAK have higher IVT (average 423±133 
kg m-1 s-1, maximum 1260 kg m-1 s-1) than those ARs that do not initiate extreme runoff 







Figure 4.7: (a) AR-related annual maximum runoff (%) and (b) the number of AR-related 





 A strong association (≥6 AM runoff) between ARs and AM runoff events arises for 
the majority (26 out of 46) of coastal and westward draining watersheds (Figure 4.7b). 
Similarly, 22 out of 83 watersheds in the Southern Interior and the Interior Mountains show 
≥4 (out of the top 10) AM runoff associated with ARs. Along the coastal watersheds, the AR-
related AM runoff is particularly strong (>80%), but ARs contribute to ≤6 of the top 10 AM 
runoff (Figure 4.7). In contrast, for some watersheds along the Interior Mountains, the AR-
related AM runoff reaches <50%; however, ARs contribute to more than half of its top 10 
AM runoff. In BCSAK, 48 out of 168 watersheds (33 out of 46 in Coastal, eight out of 49 in 
the Interior Mountains, and seven out of 67 in the Interior Plateau and northeastern Plains) 
have ≥5of their top 10 AM runoff associated with ARs. Thus, ARs act as important 
phenomena that determine the distribution of extreme runoff, especially along the coastal and 
mountainous regions of BCSAK. 
4.5.2.3 Seasonal distribution of AR-related annual maxima runoff 
 The highest number of AM runoff events (>20 out of 38) occurs during autumn and 
winter in the pluvial watersheds along the western and southern flanks of the Coast 
Mountains of BCSAK (Figures 4.4c and 4.8a). Similarly, the majority of AM runoff events 
(>20 out of 38) occurs in spring and/or summer in the nival watersheds of the Interior 
Plateau and Mountains. There are scant AM runoff events along the watersheds of the 
Interior Mountains and Plateau (up to five out of 38) of BCSAK during winter likely due to 
precipitation falling as snow and the presence of frozen rivers. A high proportion of AM 
runoff occurs during spring and/or summer in these regions perhaps causing a temporal 





the number of AR-related AM runoff events reveals that ARs initiate almost all of AM 
runoff events (>90%) during autumn and winter (Figure 4.8b). The spring and summer AM 
runoff events along the coastal watersheds also relate to ARs for ≥80% of watersheds; 
however, the association reaches no more than 30% along the Interior Mountains and 
Plateau watersheds. The spring AM runoff may be dominantly associated with snowmelt 
whereas the summer AM runoff may be due to snow and/or glacier melt in combination 
with summer convective precipitation (Déry et al., 2009). 
Further exploration on the linkages between AR-related extreme runoff and precipitation 
in each watershed shows a >50% association along the coastal and westward draining 
watersheds from the Coast Mountains (Figure 4.9) during WYs 1979-2012. The association 
lies between 20% and 40% in the Interior Mountains watersheds and <10% in most of the 
Interior Plateau watersheds. The lower percentage of day-by-day linkages between 
AR-related extreme precipitation and runoff, particularly in the Interior Plateau, is likely due 
to lower amounts of orographic precipitation and the less conducive (pre-)existing 







Figure 4.8: (a) Number of AM runoff and (b) the percentage of AR-related AM runoff in 





  The seasonal maxima runoff and their linkages to ARs reflect a similar pattern to that 
of the aforementioned seasonal distribution of AM runoff (Figure 4.10). The AR-related 
autumn maximum runoff is highest across BCSAK for the majority of the watersheds (>90% 
coastal watersheds and >70% Interior Mountains and Plateau) indicating ARs are a major, if 
not the only, causative factor for the maximum runoff during this season. The AR-related 
winter maximum runoff remains dominant (>80%) for coastal watersheds and the lower 
latitudinal regions of BCSAK; however, it decreases in the northern Interior Plateau and 
northeastern Plains, likely due to precipitation falling as snow. The AR association to spring 
and summer maximum runoff are lower (<50%) for most of the watersheds, again, except the 






Figure 4.9: Percentage of AR-related annual maximum runoff due to direct contribution of 







Figure 4.10: AR linkages to seasonal daily maximum runoff across BCSAK, WYs 1979-
2016. 
 
4.5.3  Change in AR-related maximum runoff percentage over time 
 An exploration on changes in AR-related annual and seasonal maximum runoff over 
time using the non-parametric Mann-Kendall trend test after pre-whitening (Kendall, 1975; 
Mann, 1945) indicates no-change (p-value <0.05) for the majority of the watersheds during 





Interior Plateau stations) out of the 168 watersheds show a significant (p-value <0.05) 
increase in the percentage of AR-related annual maximum runoff over time while two 
watersheds show a significant decrease. Moreover, none of the stations exhibits significant 
changes when tested for field significance. 
 
 
Figure 4.11: Temporal change in AR-related AM runoff percentage across BCSAK, WYs 
1979-2016 as given by the Mann-Kendall trend test. The change over time is decreasing or 
increase if the p-value <0.05 otherwise there are no change. Of note, neither of the stations 







Figure 4.12: Same as Figure 4.11 but for autumn, winter, spring, and summer. 
  
4.5.4  AR-related versus non-AR-related maximum runoff  
 There occurs a higher magnitude of AR-related runoff compared to non-AR-related 
runoff for 102 out of 168 watersheds of BCSAK; 48 watersheds exhibit the same average 
maximum runoff magnitude (Figure 4.13 and Appendix C). The results of the MWW test 
show that for 30% of 168 watersheds (51% coastal, 21% northern Interior Plateau and 





AM runoff magnitude is significantly (p-value <0.05) higher than non-AR-related AM runoff 
magnitude. However, the field significance test show only 17% of the stations have 
significantly higher AR-related AM runoff than non-AR-related AM runoff in BCSAK. 
These results indicate that, in general, ARs act as a greater magnitude flood producing 
phenomenon for coastal regions of BCSAK, but not necessarily in other areas. Other flood 
generating mechanisms such as spring snowmelt, summertime convection, and glacial lake 
outbursts are likely to produce higher magnitude runoff than ARs in the Interior Plateau and 
Mountains watersheds (Buttle et al., 2016; Eaton & Moore, 2010; Melone, 1985; Zahmatkesh 
et al., 2019). 
 
 
Figure 4.13: Distribution of AR-related and non-AR-related daily maximum runoff across 
BCSAK, WYs 1979-2016. The black vertical lines indicate median daily maximum runoff, 
red dots indicate mean runoff of all the watersheds, horizontal lines show the range of daily 





4.5.5   Watershed characteristics and AR-related extreme runoff 
 The watershed area and the distance from the coast influence the AR-related AM 
runoff in BCSAK (Figures 4.14a-b). For example, the expansive Stikine River basin (area 
51,600 km2), shows only 50% AR-related AM runoff, whereas one of its sub-watersheds, the 
Iskut River (area 9,350 km2), shows 70% AR-related AM runoff. For all watersheds with an 
area >15,000 km2, the AR-AM association is <50% (Figure 4.14a). The watershed area 
response to AR-related AM runoff varies likely due to the relatively small but intense 
precipitation areas associated with an AR that induces higher AR-AM links in smaller 
watersheds. Besides, the trans-mountain watersheds especially those draining to the Pacific 
Coast (e.g., Homathko River, ID no. 62 in Figure 4.1) act as channels for farther inland AR 
moisture flux and lead to an increase in the AR-related runoff contribution area. Finally, an 
AR could straddle the boundary of two or more watersheds leading to a muted response or 
there could be a lagged response and compensation effects in the larger watersheds. As 
expected, watersheds near to coast experiences more AR-related AM runoff than farther 
inland; the percentage of AR-related AM is >60% within 300 km inland from the Coast that 
decreases to <50% after 400 km (Figure 4.14b). On average, west and southwest facing 
watersheds of BCSAK experience higher AR-related AM runoff compared to other 






Figure 4.14: Average daily maximum runoff, WYs 1979-2016 versus (a) basin area (on a 
base 10 logarithmic scale), (b) distance from the nearest coastline to the centroid of the 
watershed, and (c) average slope for 168 watersheds across BCSAK. (d) Relation between 
watershed aspect and average AR-related AM runoff percentage. The color gradient indicates 
average AR-related annual maximum runoff association percentage. The red, black, and 
green diamonds in (a) indicate the Homathko, Iskut, and Stikine river basins, respectively..  
   
 There exists a significant positive rank correlation between AR-related AM runoff 
and the percentage of the glacierized area (r = 0.55, p-value <0.05, n =90) within the 
watershed. Of note, the correlation between AM runoff and the percentage of the glacierized 
area is also significantly positive (r = 0.46, p-value <0.05, n =90). The slope of the 
watersheds shows a significant positive correlation with AR-related AM runoff percentage (r 





Similarly, the AR-related seasonal maximum runoff and the percentage of the glacierized 
area, as well as the slope of the watersheds, exhibit a significant positive correlation (Table 
4.1). This suggests a likelihood of amplified glacier ablation within watersheds due to 
warmer air temperatures and moisture advection from ARs contributing, and in turn, leading 
to increased runoff. Additionally, watersheds with greater slopes may be more susceptible to 
AR-related AM runoff compared to those with gentler slopes signifying strong AR-related 
orographic precipitation linkages to runoff (Figure 4.14c). 
 
Table 4.1: Spearman’s rank correlation coefficient (r) between watershed characteristics and 
annual and seasonal AR-related maximum runoff across BCSAK, WYs 1979-2016. Bold 
values indicate statistically significant (p-value <0.05) correlations. 
Topographical Parameter Annual Winter Spring Summer Autumn 
Latitude (°N) (n = 168) -0.16 -0.53 -0.23 -0.19 -0.04 
Longitude (°W) (n = 168) -0.31 -0.17 -0.28 -0.09 -0.48 
Gauged Area (km2) (n = 168) -0.10 -0.19 -0.01 -0.10 -0.04 
Mean Elevation (m) (n = 168) -0.24 -0.16 -0.19 -0.05 -0.31 
Glacierized Area (%) (n = 90) 0.55 0.26 0.27 0.55 0.25 
Slope (°) (n = 168) 0.45 0.26 0.26 0.51 0.22 
  
  
4.5.6   Watershed response to ARs 
 The distribution of the percentage of watershed area within certain elevation ranges 
imparts an important hydrological response because it dictates the amount of rain and/or 
snow a watershed receives, that in turn directly influences the runoff magnitude and timing. 





maximum runoff for three selected watersheds of BCSAK representing different hydrological 
regimes (Figure 4.1 and Appendix B). The mean daily air temperatures at all elevation grid 
cells of the three watersheds are higher during (or one day before) the AR-related maximum 
runoff day in winter (Figure 4.15a) and spring (Figure 4.16). Moreover, the number of grid 
cells with air temperature >0°C increases for both nival and glacial watersheds during (or one 
day before) the AR-related maximum runoff. This suggests an increase in the melting 
elevation and thus the runoff contributing area during winter (Figure 4.15b). A variation in 
the percentage of runoff contributing areas associated with ARs also depends on the 
proximity of the watershed from the coast of the Pacific Ocean. For example, the melting 
elevation in the Lillooet River increases more than in the Lardeau River, which is farther 
inland. Moreover, a seasonal maximum runoff may occur in winter not only along the coastal 
regions of BCSAK, which may be more susceptible to ARs but also further inland (e.g., 
Lardeau River in the Interior Mountains) because of the advected warm, moist air associated 







Figure 4.15: (a) Mean daily air temperatures at different elevation during AR and non-AR 
winter maximum runoff days for three selected watersheds representing different 
hydrological regimes (Figure 4.1). (b) Cumulative fraction of the watershed area for three 
selected watersheds representing different hydrological regimes (Figure 4.1). The horizontal 
dashed lines show the percentage of the watershed area contributing to the surface runoff as a 
function of elevation, the red and blue solid lines indicate the average elevation with mean 












4.6   Discussion 
While the presence of ARs during runoff and peak flow events in the coastal 
watersheds have been studied previously along the western United States and Europe 
(Dettinger et al., 2011; Konrad & Dettinger, 2017; Lavers et al., 2011; Lavers & Villarini, 
2013a; Neiman et al., 2011; Ralph et al., 2013, 2006), this study expands similar work to 
northern latitudes of North America, i.e., BCSAK and further analyzes relationships between 
AR-related runoff and watershed characteristics in this region. This comprehensive study 
explores the association between ARs, annual runoff, and annual/seasonal maximum runoff 
across BCSAK. It implements an empirical equation to quantify the contribution of ARs to 
annual runoff. The use of the upstream gauged area shapefile of a watershed to clip the IVT 
field allows for the annual and maximum runoff to be based on the IVT threshold within each 
watershed. This approach is especially important for mountainous watersheds like that of 
BCSAK because of the high spatial variability in precipitation due to the orography. 
Results in this study highlight the importance of AR activity on the hydrological 
processes of northwestern North American watersheds where substantial precipitation occurs 
as snow except at the lower elevations (Hare, 1998). Moreover, the results herein provide a 
spatially consistent baseline assessment of the historical linkages between ARs, annual 
runoff, and extreme runoff across BCSAK. The contribution of ARs to the annual runoff in 
BCSAK is similar to the coastal region of western Washington, where Dettinger, Ralph, Das, 
Neiman, and Cayan (2011) report 25%-30% of annual streamflow associated with ARs. The 
AR-related AM runoff in BCSAK compares well with that from watersheds in western 
Washington (e.g., Neiman et al. 2011 and Konrad & Dettinger 2017), but less than observed 





in the Russian River, California between 1997 and February 2006 corresponded to ARs. The 
difference in AR-related extreme runoff between BCSAK and California is likely due to a 
greater number of landfalling ARs in BCSAK (Dettinger et al., 2011; Sharma & Déry, 
2020b). Globally, AR association to extreme runoff varies based on the region of study and 
local topography. For example, Lavers, Villarini, Allan, Wood, and Wade (2012) find ~50% 
of winter extreme runoff associated with ARs in nine major rivers across the British Isles. 
Demaria et al. (2017) observe 43% of AM runoff linked to ARs in the semi-arid Salt and 
Verde River Basins of Arizona. Lavers and Villarini (2013a) find 10% to >70% of AM 
runoff associated with ARs in the central United States. These studies highlight the 
importance of ARs on water resources and flood-related natural disasters. Similarly, results 
herein indicate ARs as a key contributor to regional extreme hydrological events across 
BCSAK. ARs explain the majority of extreme daily flow characteristics of BCSAK, 
especially along the coastal and mountainous watersheds.  
 As observed here, ARs control the distribution of the majority of annual and seasonal 
maxima runoff, and thus the flooding events across BCSAK, however, with distinct spatial 
and seasonal variability. Therefore, we further discuss the physical processes that control 
AR-related maximum runoff at the watershed level, the role of ARs on flood-related natural 
disasters in BCSAK, and the response of extreme runoff to ARs in the future warmer climate 
scenarios. Of note, ARs across BCSAK produce some of the largest AM runoff. Yet in 
mountainous and high latitude watersheds of BCSAK, the ARs contribute to heavy snow 
accumulation (Sharma & Déry, 2020a) that represents a potential flood peak for the 
subsequent melt season. This may potentially result in a lower estimate of AR-related AM 





4.6.1  Physical processes associated with maximum runoff response to ARs 
 The pattern observed in maximum runoff response to ARs reflect the distribution of 
landfalling ARs and their contribution to precipitation (e.g., more intense precipitation in 
elevated terrain) across BCSAK (Sharma & Déry, 2020a, 2020b). While many of the 
watersheds in the Interior Plateau do not exhibit a higher percentage of AM runoff directly 
associated with ARs (Figures 4.7 and 4.9), autumn and winter maximum runoff is largely 
still a response to ARs. The variations observed in the AR-related annual and seasonal 
maximum runoff are likely due to a combination of: (i) variability and characteristics of 
landfalling ARs in BCSAK, (ii) hydrological regime and proximity to the Pacific Ocean 
Coast, (iii) watershed orography, and (iv) change in snow melting elevation within the 
watersheds.    
 One of the primary mechanisms leading to AR-related extreme runoff in BCSAK is 
the orographically enhanced precipitation, especially along the windward slopes of 
mountains. The synoptic conditions during an AR landfall are conducive to heavy orographic 
precipitation such as moist low-level jets, steep mountains, and weak static stability (Lin et 
al., 2001; Ralph et al., 2003). For example, Neiman et al. (2011) and Ralph et al. (2006) also 
observed conditions favorable for orographic precipitation during landfalling AR events that 
lead to peak flows in the watersheds of western Washington and the Russian River, 
California, respectively.  
 The hydrological regime of a watershed influences the phase of precipitation and 
thus, for example, creates a temporal disconnect between AR-related precipitation and 
extreme runoff in nival watersheds (Lundquist et al., 2008; Neiman et al., 2011) (Figure 4.9). 





phase of precipitation as rain versus snow for a given melting level altitude (Figure 4.15 and 
Neiman et al., 2011); this, in turn, substantially influences the runoff magnitudes. ARs 
typically transport relatively warm, moist air that initiates snow melting or change in the 
melting elevation of a watershed (Figure 4.15) (Lundquist et al., 2008; Neiman et al., 2011). 
Moreover, ARs often lead to ROS events that increase extreme runoff through the combined 
effects of rainfall and snowmelt (Guan et al., 2016). Indeed, Guan et al. (2016) observe a 
substantial increase in ROS events from 6% of precipitation days to 15% during AR days in 
the Sierra Nevada, California. Results here from the Lillooet and Lardeau Rivers (Figure 4.2 
and Appendix B) also indicate, on average, 94% (39%) of winter (spring) maximum runoff 
events associated with landfalling ARs are likely due to ROS in these glacial and nival 
watersheds of BCSAK. Of note, although the distribution and intensity of ARs along with 
watershed characteristics explain most of the extreme runoff across BCSAK, these are not 
the only contributors to maximum runoff. The amount of snow accumulation, the timing of 
the spring freshet, the level of soil saturation preceding the landfalling ARs, extreme 
precipitation associated with convective activity, and slow moving low-pressure systems may 
also lead to maximum runoff in this region (Loukas, Vasiliades, & Dalezios, 2000; Melone, 
1985; Wang, Zhao, & Gillies, 2016). 
4.6.2  ARs and flood disasters  
 An investigation on the linkages between ARs and the flood-related natural disasters 
across BC listed in the Public Safety Canada’s Canada Disaster Database (CDD) during WYs 
1979-2016 suggests an important role of ARs. There was a presence of an AR within seven 





events, costing >$0.5 billion (CAD) in damages (PSC, 2019). Given that storms associated 
with ARs contribute >90% of extreme precipitation in some parts of BCSAK (Sharma & 
Déry, 2020a), produce twice as much precipitation (Neiman, Ralph, Wick, Kuo, et al., 2008), 
and four times more snow water equivalent (SWE) than non-AR storms (Guan et al., 2010), 
ARs lead to significantly higher runoff and flooding hazards predominantly during autumn 
and winter. The AR-related flooding may cause considerable infrastructure damages and 
economic losses (e.g., October 2003 flooding event along the Sea-to-Sky highway and Bella 
Coola flooding event in September 2010 (PSC, 2019)), and decrease water quality because of 
slope failure and channel instability (Spry et al., 2014). 
4.6.3  Extreme runoff response to ARs in a future, warmer climate 
 Sharma and Déry (2020b) found a significantly increasing trend in the number of 
landfalling ARs in BCSAK during 1979-2016, likely due to increases in moisture availability 
in response to an increases in the global surface air temperature (Lavers et al., 2015; Tsonis, 
2013) and possibly changes in storm tracks driven by a wavier jet stream due to arctic 
amplification (Francis & Vavrus, 2015). As observed in this and previous studies (Konrad & 
Dettinger, 2017; Lavers et al., 2011), the intensity and duration of a landfalling AR affect 
extreme runoff within a watershed. The response of maximum runoff to the strength of ARs 
has implications on future extreme runoff events associated with ARs across BCSAK. Future 
projections report an increase in the intensity of ARs in warmer climate scenarios across 
western North America (Dettinger, 2011; Espinoza, Waliser, Guan, Lavers, & Ralph, 2018; 
Payne & Magnusdottir, 2015; Radić et al., 2015; Warner et al., 2015). Curry et al. (2019) 





nival to pluvial regime shift and an increase in the extreme rainfall associated with ARs by 
the end of the 21st century under the RCP 8.5 climate change scenario. However, we did not 
observe significant changes (increase and/or decrease) over time in the historical AR-related 
maximum runoff percentage during WYs 1979-2016 across BCSAK. This static pattern 
agrees with Sharma and Déry (2020b) who did not observe changes in the AR contribution 
amount to precipitation over time during 1979-2012, likely due to an increase in overall 
precipitation associated with convective activity along with ARs (Berg et al., 2013; 
Trenberth, Dai, Rasmussen, & Parsons, 2003). 
 The actual changes in AR-related extreme runoff and flooding for specific watersheds 
depend on the variations in the IVT (section 4.5.2.2  and Konrad & Dettinger, 2017), AR 
trajectories and the extent of their penetration further inland (Payne & Magnusdottir, 2015; 
Radić et al., 2015; Rutz et al., 2015; Sharma & Déry, 2020a), and antecedent conditions (e.g., 
soil saturation, freezing elevation) (Ralph et al., 2013). The projected increase in IVT, 
northward shift of AR trajectories (Lavers et al., 2015; Radić et al., 2015; Warner et al., 
2015), and transition in hydrological regimes from nival to pluvial (Curry et al., 2019; Islam 
et al., 2017) in future, warmer climate scenarios across BCSAK may lead to an increase in 
AR-related extreme runoff. Although it remains uncertain to what extent the AR-related 
maximum runoff percentage will change across BCSAK in the future, this study provides 
characteristics and quantification of historical AR-related maximum runoff.  
4.7  Conclusions 
This study investigates the nexus between landfalling ARs, annual runoff, annual and 





flooding over time in BCSAK during WYs 1979-2016. In exploring these linkages, this study 
utilizes nearly four decades of daily maximum streamflow data for 168 unregulated 
watersheds of BCSAK, topographic characteristics of the watersheds, a regional AR catalog, 
and IVT fields. ARs contribute 22%, 11%, and 11% of the total annual runoff in the 
watersheds of the coastal, Interior Mountains, and Interior Plateau regions of BCSAK, 
respectively, during WYs 1979-2012. ARs control the distribution of peak runoff for most of 
BCSAK with 51% of 168 watersheds analyzed having more than half of their annual maxima 
runoff linked to ARs during WYs 1979-2016. Similarly, more than half of the top 10 annual 
maxima runoff events are associated with ARs for >60% of the watersheds, predominantly 
along the coastal and mountainous regions of BCSAK. ARs act as the precursor of flooding-
related natural disasters in BCSAK; indeed, 78% of such disasters occurred in BC between 
WYs 1979-2016 are linked to ARs. AR-related maximum runoff magnitude is significantly 
higher than non-AR-related runoff magnitudes for the coastal watersheds of BCSAK. ARs 
are the major, if not only, atmospheric phenomena during autumn and winter that cause 
seasonal maximum runoff in BCSAK. ARs, with advected warm, moist air, increase air 
temperatures and melting elevations that lead to an increase in runoff even in the nival and 
glacial watersheds of BCSAK during winter months. Watershed characteristics also control 
the AR-related maximum runoff with steeper watersheds close to the coast experiencing 
higher AR contributions.. 
This study provides baseline information on the historical AR association to total 
annual and annual maximum runoff and illustrates the importance of AR activity as a major 
control for the distribution of peak runoff in BCSAK. This work extends previous similar 





on spatial variations in AR-related flooding events along western North America. Moreover, 
the information obtained here provides a base for further research on ROS events in BCSAK 
that would be useful for flood forecasting and flood risk assessment. Similarly, knowledge 
from this study improves our understanding on hydrological extremes in the complex 
topographic areas of BCSAK and adds value to the studies on ARs and flooding, especially 
future projections and model validation. The knowledge obtained from this study may be 
useful for water resources managers, hydrologists, and flood forecasters. For example, flood 
forecasters and watershed managers can recognize conditions that may lead to AR-related 
flooding, identify watersheds susceptible to AR-related flooding, and perform flood risk 
mapping to prevent/mitigate damages, personal injuries, and loss of life. With strong 
relationships between ARs and extreme runoff observed here based on historical data, it is 
important to assess how extreme runoff characteristics will change in the future in BCSAK 
along with anticipated changes in AR frequency and intensity. Further research on 
AR-induced ROS events and return period analysis of AR-related flooding events across 






CHAPTER 5: CONCLUSIONS 
 The northern latitudes of the west coast of North America (~47.5°N-60.0°N), 
influenced by the prevailing westerlies, receive a substantial amount of their precipitation 
during autumn and winter months through ARs; a major synoptic-scale mechanism that 
transports moisture to BCSAK from the (sub-)tropical Pacific Ocean. ARs replenish 
freshwater resources of this region and occasionally lead to extreme weather events that 
cause natural disasters (e.g., flooding, landslides), extensive damage to property and 
infrastructure, and loss of life. However, there is limited targeted research across the BCSAK 
region so far on the characteristics of ARs and their effects on precipitation and hydrological 
extremes. Using a regional AR catalog, reanalysis products, a recently developed 
high-resolution gridded precipitation and air temperature dataset, observed daily river runoff 
data, and topographical characteristics of the watersheds, this dissertation presents new 
knowledge on AR characteristics and impacts on the hydrology of BC, Canada and the 
panhandle region of southeastern AK, the United States.  
5.1  Major findings 
The findings presented in Chapter 2 of this dissertation (Sharma & Déry, 2020b) 
provide new knowledge on the climatology of ARs making landfall in BCSAK. It presents 
the spatiotemporal variability and trends of the number of LARs, the synoptic evolution, and 
prevailing conditions that favor LARs in BCSAK, and the influence of ocean-atmosphere 
variability, including the 2013/2014 Pacific oceanic blob on the number of LARs in BCSAK. 
This study reveals that on average, BCSAK experiences 35±5 LARs each year with a higher 





days. The number of LARs in BCSAK increased significantly by 1.8 events decade-1 (p-value 
<0.05) during 1979-2016, likely due to the influence of the wavier upper-level atmospheric 
flow associated with arctic amplification and an increase in the lower tropospheric moisture 
content due to an increase in the mean global surface air temperature. The synoptic evolution 
and prevailing conditions during LAR days indicate strong troughs over the Gulf of Alaska 
prior to lower latitudes LARs and strong ridges over BC and the PNW before higher latitudes 
LARs. This variation in the dynamic conditions favoring higher and/or lower latitudes LARs 
in BCSAK is important to improve forecasting AR activity in this region. BCSAK receives 
more LARs during the neutral phase of ENSO, the positive phases of the PDO, PNA, and 
during the 2013/2014 Pacific oceanic blob years compared to their counterparts.  
 The contribution of ARs to precipitation and its extremes over 1979-2012 
demonstrates the key role ARs play through replenishing freshwater resources and acting as 
one of the causative factors for extreme precipitation events (Sharma & Déry, 2020a). On 
average, ARs contribute ~13% of total annual precipitation across BCSAK with spatial 
variability ranging from ~33% along the coastal regions to only <5% in northeastern BC. 
Strong seasonality exists in the contribution of ARs to precipitation with the highest 
contribution during autumn (~21%) and the lowest during spring (~3%). AR-related 
precipitation days increase significantly during 1979-2012; however, no change occurs in the 
average AR-related precipitation amount. ARs act as one of the major causative factors for 
extreme precipitation events with >90% and >60% annual association along the coastal and 
the Columbia and Rocky mountainous regions, respectively. ARs act as a major, or in some 
cases the only, factor causing extreme precipitation events with snowfall at higher elevations 





Results in Chapter 4 show that ARs contribute 14% (spatial range: 3%-29%) of 
annual runoff across BCSAK. ARs control the distribution of peak runoff for most of 
BCSAK with 51% of 168 watersheds analyzed having more than half of their annual maxima 
runoff linked to ARs during WYs 1979-2016. Similarly, greater than five of the top 10 
annual maxima runoff events are associated with ARs for >60% of the watersheds, 
dominantly along the coastal and mountainous regions of BCSAK. ARs act as the precursor 
of flooding-related natural disasters in BCSAK; indeed, 78% of such disasters occurred in 
BC between WYs 1979-2016 are linked to ARs. AR-related maximum runoff magnitude is 
significantly higher than non-AR-related runoff magnitudes for the coastal watersheds of 
BCSAK. ARs are the major, if not only, atmospheric phenomena during autumn and winter 
that cause seasonal maximum runoff in BCSAK. ARs, with accompanying warm, moist air, 
increase air temperatures and melting elevations that lead to an increase in runoff even in the 
nival and glacial watersheds of BCSAK during winter months. Watershed characteristics also 
control the AR-related maximum runoff with glacierized and steeper watersheds 
experiencing higher AR contributions, making mountainous watersheds more susceptible to 
AR-related flooding than others in BCSAK. 
The patterns reported in future projections on AR characteristics along the west coast 
of North America are in agreement with the historical annual trends observed in this study on 
AR frequency from 1979 to 2016. Similarly, the historical contribution of ARs to 
precipitation across BCSAK aligns with model-based future projections indicating that there 
will likely be an increase in the number of days with AR-related precipitation in future, 
warmer climate scenarios. The linkages between ARs and extreme river runoff do not show a 





shifts of AR trajectories, and transitions in hydrological regimes from nival to pluvial in 
future, warmer climate scenarios across BCSAK may lead to an increase in AR-related 
extreme river runoff. 
5.2  Study limitations and uncertainties 
 Some limitations of this study arise due to the uncertainties in the data used, the 
resolution and availability of the data, and methodological procedures. There may be 
uncertainties associated with the SIO-R1-AR Catalog because of the methodological 
variations in AR detection criteria (Rutz et al., 2019). Gershunov et al. (2017) find significant 
linkages between the SIO-R1-AR Catalog and the IWV-based SSM/I of Neiman et al. 
(2008); however, the significant agreement was only for the strongest ARs. Similarly, I used 
a fixed IVT threshold of 250 kg m-1 s-1 to quantify AR impacts on precipitation, runoff and 
their extremes. Use of a fixed lower (higher) IVT threshold value may result in higher 
(lower) AR impacts on the hydrological processes. While the PNWNAmet climate dataset 
performs better, especially when considering average and extreme precipitation compared to 
other regional gridded climate data products, it still has some limitations; for example, it 
generally overestimates the number of days with precipitation (Werner et al., 2019). The 
coarse resolution of the NCEP/NCAR reanalysis based the SIO-R1-AR Catalog may affect 
(i) the number of landfalling ARs along BCSAK, and (ii) the calculation of the contribution 
of ARs to river runoff, especially in smaller watersheds. The PNWNAmet precipitation and 
air temperature data are available up to 2012, limiting this study only up to that period. This, 
in turn, leads to gaps for recent years in the contribution of ARs to precipitation and runoff. 





equation, and it does not consider inter-annual changes such as land-use, evaporation, and 
infiltration within the watersheds. The results in Chapter 4 represent 168 watersheds across 
BCSAK and provide general patterns of linkages between ARs, river runoff, and extreme 
river runoff; however, those 168 watersheds do not cover the entire BCSAK. There exists 
some gaps in the watershed coverage area especially in northeastern BC. Therefore, the 
results are skewed towards the area where a relatively higher concentration of hydrometric 
stations exists, for example, along the lower latitude and altitude regions of BCSAK. 
5.3  Recommendations 
 This research provides historical AR characteristics and synoptic conditions but does 
not address the intensity of ARs as measured by the strength of the integrated vapor transport 
fields during an AR. Further research on the intensity of ARs impacting BCSAK and a 
categorization of the ARs based on their intensity will add value to better understand the ARs 
and extreme weather events in this region. Intensity based categorization of ARs is especially 
important because of the northern latitudes of BCSAK where the moisture-holding capacity 
of the atmosphere is weaker compared to the equatorial region, although this may be 
changing due to an increase in the mean global surface air temperature (Dettinger, 2011; 
Payne & Magnusdottir, 2015; Radić et al., 2015). Moreover, the categorization of ARs 
terminating in BCSAK based on their intensity and duration and a follow-up assessment of 
AR-category based extreme hydrological events will be beneficial for forecasting and 
disaster preparedness. The Madden-Julian Oscillation (MJO), another mode of short-term 
ocean-atmosphere variability, may modulate LAR frequency in BCSAK; however, it was not 





to establish relation between LAR frequency in BCSAK and MJO is recommended for future 
research. An implementation of self-organizing maps on the meteorological data would 
provide further details on the synoptic evolution of ARs at different latitudes of BCSAK. 
 Research on how ARs modulate mountain snowpacks and ROS events in this region 
is recommended because: (i) BCSAK receives one of the highest contributions of AR-
associated precipitation in its mountainous regions, and (ii) AR conditions may lead to 
avalanches and flooding disasters in elevated terrain. Glaciers act as important freshwater 
reservoirs in BCSAK with 26,728 km2 coverage in the mountainous terrain of BC and 
Alberta in 2005 (Bolch, Menounos, & Wheate, 2010). ARs may play a dichotomous role in 
glacier mass balance; they increase precipitation adding mass, but the associated warm 
temperatures enhance ablation, resulting in mass loss. Therefore, an assessment of how ARs 
influence the mass balance of glaciers in western Canada is recommended. This may be 
achieved through an implementation of physically-based surface mass model coupled with 
high-resolution mesoscale numerical weather predication systems such as Weather Research 
and Forecasting Model (WRF) outputs. Since ARs act as a major causative factor for extreme 
river runoff, the development of a spatial profile of return periods of AR-related flooding 
events across BCSAK will be useful to manage AR-related flooding impacts on 
infrastructures. This research does not differentiate the impacts of ARs on regulated and 
unregulated rivers of BCSAK. Further analysis on the regulated versus unregulated 
watershed response to ARs would be useful for major water resource-based industries and 
community water users such as municipalities. Additionally, this study developed a general, 
regional profile of AR hydrology for BCSAK but did not analyze specific cases. Case studies 





extreme precipitation and flooding event) would provide further insights on the role of ARs 
as an initiator of compound events. An assessment of the impacts of ARs on water budgets 
using both the historical data and the outputs from climate models on future projections in 
the selected watersheds of BCSAK will enhance our understanding of how ARs may 
modulate future water availability under climate warming scenarios. AR-induced flooding 
events contribute to major erosion and channel instability; this, in turn, lowers the water 
quality leading to potential risks for the water users and riparian biodiversity. Therefore, 
another potential avenue for further research is to explore how ARs contribute to erosion, 
sediment transport (including nutrients and contaminants), and the overall reduction of water 
quality. 
5.4  Implications of this work  
This dissertation presents a comprehensive understanding of AR characteristics and 
impacts on the hydrological processes of BCSAK and provides a baseline assessment. The 
findings presented here provide the scientific community comparative information on AR 
hydrology of BCSAK to other regions globally where ARs are known to occur. The 
historical assessment presented here is helpful to associate future climate model simulations 
with historical patterns and assess/validate potential future changes in this region. Moreover, 
this study extends similar work from the west coast of the United States (Dettinger et al., 
2011; Guan et al., 2010; Guan, Molotch, Waliser, Fetzer, & Neiman, 2013; Lavers & 
Villarini, 2015a; Neiman et al., 2011; Ralph et al., 2006; Rutz & Steenburgh, 2012) to the 
higher latitudinal region of western North America adding geographically detailed analysis 





AR-related extreme hydrological events are of major concern for weather forecasters 
and disaster management teams. Identification of the prevailing conditions favoring LARs, 
quantification of AR associated precipitation (annual, seasonal, and extremes), and 
understanding among ARs, flooding events, and watershed characteristics have broader 
implications on community water supply and management, hydropower operations, flood 
mitigation, and local biodiversity. Overall, this study augments our understanding on ARs 
and their association to the hydrological processes across BCSAK that play a crucial role in 
water resources of this region and will be useful to improve water management decisions, 
design infrastructures, prevent economic losses, and plan and develop policies for safer 
communities.   
The rapidly changing hydrology of western Canada in recent years has a profound 
impact on water resources and poses new challenges for water resource management in this 
region. This work expanded our knowledge on atmospheric and land surface processes 
associated with ARs and provided information on AR-hydrology of the mountainous terrain 
of western Canada. An improved understanding of AR climatology and their impacts has 
broader implications on extreme weather forecasting, seasonal predictions and emerging 
water issues of this region, including flood mitigation, hydro-power generation, industrial 
water use (e.g., the oil and gas and mining industries), community water supply and use, and 
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